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A b s t r a c t
The d i p o l e  a d i a b a t i c  e x c h a n g e  wave f u n c t i o n s  o f  p o l a r i z e d  
o r b i t a l  t h e o r y  have  been  employed t o  o b t a i n  t h e  S P and Pe-» 0 
c o n t r i b u t i o n s  t o  t h e  f r e e - f r e e  a b s o r p t i o n  c o e f f i c i e n t  o f  H in  t he  
d i p o l e  l e n g t h  and d i p o l e  v e l o c i t y  f o r m u l a t i o n s .  The l e n g t h  and 
v e l o c i t y  r e s u l t s  h a ve  b een  f o u n d  t o  be i n  good a g r e e m e n t ,  3% o r  l e s s  
a t  t h e  l o n g e r  w a v e l e n g t h s  whe r e  f r e e - f r e e  a b s o r p t i o n  d o m i n a t e s  
b o u n d - f r e e  a b s o r p t i o n .  Thes e  r e s u l t s  were  found t o  be i n  good 
a g r e e m e n t  w i t h  o t h e r  r e c e n t  c a l c u l a t i o n s  and w i t h  s o l a r  o b s e r v a t i o n s .  
The e f f e c t s  o f  a t o m i c  d i s t o r t i o n  were  found  t o  be s m a l l  a t  l o n g e r  
w a v e l e n g t h s  (1% f o r  l e n g t h  f o r m u l a t i o n  and 6% f o r  v e l o c i t y  f o r m u l a ­
t i o n )  making  i n c l u s i o n  t h e r e o f  r e l a t i v e l y  u n i m p o r t a n t  f o r  a s t r o -  
p h y s i c a l  a p p l i c a t i o n s .  A s y m p t o t i c  m a t r i x  e l e m e n t s  which  a r e  
c o n v e r g e n t  o v e r  a l l  s p a c e  r e p r o d u c e  t h e  f u l l  r e s u l t s  t o  w i t h i n  10%.
v i l
I INTRODUCTION
In 1931 Pannekoek^ d i s c u s s e d  t he  i m p o r t a n c e  o f  t he  f r e e - f r e e  
a b s o r p t i o n  o f  l i g h t  by e l e c t r o n s  in  t he  p r e s e n c e  o f  n e u t r a l  hydrogen  
a toms f o r  d e t e r m i n i n g  t he  i n f r a - r e d  o p a c i t i e s  o f  t he  c o o l e r  l a t e  
s p e c t r a l  t y p e  s t a r s .  The p r o c e s s  i s  d e s c r i b e d  by t h e  r e a c t i o n
h p - t - e  + H - * e  + H
F r e e  e l e c t r o n s  c a n n o t  a b s o r b  p h o t o n s  w i t h o u t  a s p e c t a t o r  p a r t i c l e  
( i n  t h i s  c a s e  t he  h yd r og en  atom) b e i n g  p r e s e n t  t o  c o n s e r v e  e n e r g y  
and momentum. At  p h o t o n  e n e r g i e s  be low . 75 eV where  d e t a c h m e n t  o f  
an e l e c t r o n  f rom H i s  e n e r g e t i c a l l y  i m p o s s i b l e ,  f r e e - f r e e  
a b s o r p t i o n  s h o u l d  d om i n a t e .  The f u n d a m e n t a l  r o l e  o f  t h i s  r e l a t i v e l y  
s i m p l e  p r o c e s s  p r od uc ed  immedia t e  and numerous i n t e r e s t  wh i ch  has 
c o n t i n u e d  i n t o  r e c e n t  y e a r s .
So f a r  a s  t h e o r e t i c a l  i n t e r e s t  i s  c o n c e r n e d ,  t h e  c e n t r a l  
p ro b l em i s  t h e  d e t e r m i n a t i o n  o f  t h e  m a t r i x  e l e m e n t  i n v o l v e d  in  t h e  
e x p r e s s i o n  f o r  t h e  mo noc hr oma t i c  a b s o r p t i o n  c o e f f i c i e n t  
d e r i v e d  in  C h a p t e r  II whe r e  T i s  t h e  t e m p e r a t u r e  o f  t h e  s t e l l a r  
a t m o s p h e r e .  The m a t r i x  e l e m e n t  i s  g i v e n  by ( f l D ^ I O  where  i and f 
d e n o t e  i n i t i a l  and f i n a l  s t a t e s ,  r e s p e c t i v e l y ,  and i s  in
t h e  l e n g t h  f o r m u l a t i o n ,  - i h ( - ^ ~  + ) *n t h e  v e l o c i t y  f o r m u l a t i o n ,
3 3 1 2  
and ( Z j / r j  + Z ^ / r j )  1° t h e  a c c e l e r a t i o n  f o r m u l a t i o n  which  has  not
been  us ed  i n  t h e  p r e s e n t  c a l c u l a t i o n s .
The p r e s e n t  c a l c u l a t i o n  makes use  o f  t h e  d i p o l e  a d i a b a t i c
1
exchange  a p p r o x i m a t i o n  (AED) o f  p o l a r i z e d  o r b i t a l  t h e o r y  ( d e t a i l e d
in  C h a p t e r  IV) t o  o b t a i n  t h e  c on t i nuum s t a t e  of  t h e  e x t e r n a l
e l e c t r o n .  The e s s e n t i a l  f e a t u r e  i s  t h e  e x p l i c i t  i n c l u s i o n  o f  the
e f f e c t s  o f  a t o m i c  d i s t o r t i o n  on t h e  e x t e r n a l  e l e c t r o n  t h r ou gh  use  o f
t he  d i p o l e  component  of  a long r ange  p o l a r i z a t i o n  p o t e n t i a l  which  i s
I*
a s y m p t o t i c a l l y  -0 t / r  where  o( i s  t h e  d i p o l e  p o l a r  i z a b i  1 i t y  o f  t he  
hydrogen  atom.  AED i n c l u d e s  a l l  o f  t h e  long  r ange  d i p o l e  
p o l a r i z a b i l i t y .  In a d d i t i o n  t h e  e f f e c t  o f  i n c l u d i n g  t h e  d i s t o r t i o n  
o f  t h e  a t o m i c  wave f u n c t i o n  in  t he  d e t e r m i n a t i o n  o f  t h e  m a t r i x  
e l e m e n t  i s  s t u d i e d  he r e .  The two p a r t i c l e  wave f u n c t i o n  i s  w r i t t e n  
a s
f j f  a >z > -  y r  +  ( - ° S V U ; I )
where  i s  t h e  s i n g l e  p a r t i c l e  s t a t e  f o r  an  e l e c t r o n  o f  momentum 
h k  c o r r e s p o n d i n g  t o  t o t a l  s p i n  S,  and ^ ( 1 ; 2 )  i s  t h e  a t o m i c  s t a t e  o f  
e l e c t r o n  1 p e r t u r b e d  by e l e c t r o n  2.
V p ( / ; z ;  = 0 . 0 )  - f  £ 0
where  uq i s  t h e  I s  s t a t e  o f  h yd r og en  and \  i s  t h e  f i r s t  o r d e r  
p e r t u r b a t i o n  t h e r e t o .  The p r e s e n t  c a l c u l a t i o n s  i n c l u d e  o n l y  t h e  
domi nan t  l ong  r ange  ( d i p o l e )  component  o f  X* The c a l c u l a t i o n s  have  
a l s o  been  r e p e a t e d  n e g l e c t i n g  \  i n  o r d e r  t o  i n v e s t i g a t e  t h e  
i mp o r t an c e  o f  i t s  i n c l u s i o n .
T h i s  d i s s e r t a t i o n  i s  a r r a n g e d  a s  f o l l o w s :  In C h a p t e r  II t h e  
a b s o r p t i o n  c o e f f i c i e n t  I s  d e r i v e d .  O t h e r  c a l c u l a t i o n s  a r e  d e s c r i b e d  
i n  C h a p t e r  I I I .  The AED wave f u n c t i o n s  a r e  d e t a i l e d  i n  C h a p t e r  IV.
3The m a t r i x  e l e m e n t  i s  d e s c r i b e d  in C h a p t e r  V. C h a p t e r  VI r e l a t e s  
t h e  m a t r i x  e l e m e n t s  employed h e r e  t o  t h o s e  o f  many body p e r t u r b a t i o n  
t h e o r y  (MBPT). The r e s u l t s  a r e  p r e s e n t e d  in  C h a p t e r  VI I .
I I .  The A b s o r p t i o n  C o e f f i c i e n t
The f r e e - f r e e  a b s o r p t i o n  c o e f f i c i e n t  k^(T) i s  d e f i n e d  a s  t he
a v e r a g e d  a b s o r p t i o n  c r o s s  s e c t i o n  p e r  u n i t  i n c i d e n t  e l e c t r o n  p r e s s u r e  
p e r  h y d r og e n  atom.  The a v e r a g e  i s  o v e r  a l l  pho to n  p a r a m e t e r s  o t h e r  
t h a n  t he  w a v e l e n g t h  X and o v e r  i n c i d e n t  e l e c t r o n  momenta.  At t h e  
low e l e c t r o n  d e n s i t i e s  o c c u r r i n g  in  s t e l l a r  m a t t e r ,  t he  e l e c t r o n s  
may be assumed t o  be an i d e a l  gas  o b e y i n g  F e r m i - D i r a c  s t a t i s t i c s .
F o r  s u f f i c i e n t l y  low d e n s i t i e s  t h e  wave f u n c t i o n s  o f  t h e  e l e c t r o n s  
o v e r l a p  v e r y  l i t t l e ,  and t h e  e l e c t r o n s  become e s s e n t i a l l y  d i s t i n g u i s h ­
a b l e .  As a r e s u l t  t h e  Bol t zmann  d i s t r i b u t i o n  may be u s ed .  T h i s  i s  
a ssumed t o  be t h e  c a s e  h e r e .
The r a t e  o f  t r a n s i t i o n  f rom a wave v e c t o r  k. i n t o  a s t a t e  o f  
wave number w i t h i n  t h e  d i f f e r e n t i a l  s o l i d  a n g l e  i s  a
f u n c t i o n  o f  s e v e r a l  p a r a m e t e r s .
where  i s  t h e  wave v e c t o r  o f  t h e  p h o t o n ,  k.  i s  t he  i n i t i a l  e l e c t r o n  
wave v e c t o r ,  k^ i s  t h e  f i n a l  e l e c t r o n  wave v e c t o r ,  and c i s  t h e
( 2 - 1)
d i r e c t i o n  o f  p o l a r i z a t i o n  o f  t h e  p h o t o n  ( ^ X k ^ ) .  dw._^ i s  g i v e n  by 
t h e  e x p r e s s i o n
where  I and f  d e n o t e  i n i t i a l  and f i n a l  s t a t e s ,  r e s p e c t i v e l y ,  i s  
t h e  d e n s i t y  o f  f i n a l  s t a t e s ,  and V  i s  t h e  d i p o l e  i n t e r a c t i o n  o f  t h e  
e l e c t r o m a g n e t i c  f i e l d  and t h e  e l e c t r o n s .
5u = f ^ .  ( . ^ , + i / j  (2. 3)
where A i s  t he  a m p l i t u d e  o f  the  e l e c t r o m a g n e t i c  v e c t o r  p o t e n t i a l .  TC
has been  o b t a i n e d  from s e m i - c l a s s i c a 1 r a d i a t i o n  t h e o r y  as  d e s c r i b e d
2in C h a p t e r  10 of  S c h i f f .  The i n i t i a l  and f i n a l  s t a t e s  a r e  assumed
no rm a l i z e d  t o  a D i r a c  d e l t a  f u n c t i o n  in *£-s pac e  which i mp l i e s  t h a t
2
t h e  d e n s i t y  o f  f i n a l  s t a t e s  i s  mk^/h , I t  f o l l o w s  t h a t  t he  
11ans i t  ion r a t e  i s
n  Cf
The d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  o b t a i n e d  by d i v i d i n g  (2-4)  by t he
i n c i d e n t  pho ton  f l u x ,  I /hw,  where I i s  t h e  pho ton  i n t e n s i t y  and to i s
t he  f r e q u e n cy  o f  t h e  pho t on  f i e l d .  I i s  o b t a i n e d  by t a k i n g  t h e  t ime
a v e r a g e  o f  t he  P o y n t i n g  v e c t o r  (Powel l  and Crasemann,^  p. 418)  w i t h
the  r e s u l t  I ■ OTA /2*rC. The d i f f e r e n t i a l  c r o s s  s e c t i o n  do.  ,  i si-*f
t hen  g i v e n  as
* * U f  -  <2 - »
2
where Of * e  / h e  i s  t he  f i n e  s t r u c t u r e  c o n s t a n t .
•A
The a v e r a g e  o v e r  k. i s  a cc ompl i s he d  by a ssuming a Bol tzmann 
d i s t r i b u t i o n  a t  t e m p e r a t u r e  T; c o n s e q u e n t l y ,  t h e  f r a c t i o n  M(k. )  o f  
p a r t i c l e s  w i t h  wave v e c t o r  between k. and k, + d k.  s a t i s f i e s
I t  f o l l o w s  t h a t  t h e  a v e r a g e  o v e r  i n i t i a l  wave v e c t o r s  may be 
a cc om p l i s he d  by
=  I  * < 0  k - h .  e  ‘ / t ' " * ‘ T
• w  \ d ^  +  (2-6)
where i s  B o l t z m a n n ' s  c o n s t a n t .
The t o t a l  a b s o r p t i o n  c r o s s  s e c t i o n ,  i n c l u d i n g  a v e r a g e  o v e r  t he  
pho ton  p a r a m e t e r s ,  a t  t e m p e r a t u r e  T i s  t he n  g i v e n  as
^  } u o T T ^  ( fefcT)^
* « r l ^ «  l < f l 6 - l 3 ! + O l c > | A ( 2 - 7)
where t h e  r a i s e d  b a r  o v e r  t h e  m a t r i x  e l em en t  d e n o t e s  t h e  a v e r a ge
o v e r  t h e  i n d e p e n d e n t  d i r e c t i o n s  o f  €. The a b s o r p t i o n  c o e f f i c i e n t
k^(T) as  s t a t e d  b e f o r e  i s  t h e  a b s o r p t i o n  c r o s s  s e c t i o n  o f  (2— 7) p e r
u n i t  i n c i d e n t  e l e c t r o n  p r e s s u r e  P ; P may be d e t e r m i n e d  from t he© 6
i d e a l  gas  law
T« = A/« fekT
where N i s  t h e  number o f  e l e c t r o n s  p e r  u n i t  volume.  S i n c e  t he  e
n o r m a l i z a t i o n  o f  t h e  i n c i d e n t  s t a t e  i s  t o  a D i r a c  d e l t a  f u n c t i o n ,  i t  
f o l l o w s  t h a t  ( i | i >  ■ 6 (0) * l im V/ (2i r )^ which  i mp l i e s  t h a t  N »
y—»® e
(2ff) . Thus
)» ( T ) — d 0_______________  r  . . .  L -  K ’/ j k T
* ” Afe* TT** (kb) *  T®- J0
I ui e + t i * I t-'M - J j / i t t 1
(2- 8)
where a l l  q u a n t i t i e s  o t h e r  t ha n  t h e  Bohr r a d i u s  a Q ( i n  cm) and
7( k . )  have been  e x p r e s s e d  in a t o m i c  u n i t s  (fc = 1, m = 1 /2 ,
D C( 9* S i
2
e  = 2 ) ,  where  t h e  a v e r a g e  o v e r  p h o t on  p a r a m e t e r s  has  been done a s
2 2 2d e s c r i b e d  in  Append i x  A, and A k = kp - k. = W. Formula  (2 - 8 )  
c o n s t i t u t e s  t he  d i p o l e  v e l o c i t y  m a t r i x  e l e m e n t  w i t h o u t  a l l o w a n c e  f o r  
s p i n .
In Append i x  B i t  i s  shown t h a t  t he  l e n g t h  f o r m u l a  may be
o b t a i n e d  f rom ( 2 -8 )  by r e p l a c i n g  t h e  o p e r a t o r  by and moving
2
A k  t o  t h e  n u m e r a t o r .  F u r t h e r m o r e ,  s p i n  can  be a l l o w e d  f o r  by 
e mp lo y i ng  t h e  u s u a l  1/4:3/** sum r u l e  s i n c e  t h e  H a m i l t o n i a n  used h e r e  
c o n t a i n s  no s p i n  d e p e n d e n t  i n t e r a c t i o n s .  S i n c e  t h e  e f f e c t i v e  
o p a c i t y  o f  a s t e l l a r  a t m o s p h e r e  i s  o b s e r v e d ,  t h e  e f f e c t s  o f  s t i m u l a t e d  
e m i s s i o n  must  be removed.  T h i s  i s  a c c o m p l i s h e d  (Ambartsumyan^)  
t h r o u g h  m u l t i p l i c a t i o n  by t h e  f a c t o r  (1 -  e  ^  k^ kbT) .  F i n a l l y  an 
e x p r e s s i o n  f o r  t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  t h e  l e n g t h  ( j  = l )  and 
v e l o c i t y  ( j  ■ 2) f o r m u l a t i o n s  I s  o b t a i n e d .
l' A t )  =  U T o V a /  c i -  e - AfeVV T )  ( 6 k l ) 3- * i
O
( 2 - 9 )
In  e q u a t i o n  (2*9)  X -  .
A k 2
I I I .  Review o f  P r e v i o u s  C a l c u l a t i o n s  
The e a r l i e s t  c a l c u l a t i o n  o f  was t h a t  o f  Menzel  and
5 £>P e k e r i s  (1935)  in wh i ch  t he  m a t r i x  e l e m e n t s  o f  N ed e l sk y  were
employed.  N ed e l sk y  r e p l a c e d  t h e  p o t e n t i a l  i n t e r a c t i o n s  f e l t  by t he
e x t e r n a l  e l e c t r o n  by e  / a  f o r  r <  a ( r _  i s  t h e  c o o r d i n a t e  o f  t heo 2 o  2
e x t e r n a l  e l e c t r o n )  and 0 f o r  r >  a where  a i s  t h e  Bohr r a d i u s .  He
2  0  O
used  t h e  a c c e l e r a t i o n  o p e r a t o r  t o  r e p r e s e n t  t h e  p h o t o n  i n t e r a c t i o n .  
Whee le r  and W i l d t ^  s o u g h t  t o  improve  t h e s e  r e s u l t s  in 19^2. They
employed i n s t e a d  o f  t h e  a c c e l e r a t i o n  o p e r a t o r  t h e  H a r t r e e
2 I 2 /  1 1a c c e l e r a t i o n  o p e r a t o r  g i v e n  by -  e /m E — z  +  a  ( —  +  —
_2 r / a o 2
e 2 o where  m i s  t h e  e l e c t r o n i c  mass .  The H a r t r e e  a c c e l e r a t i o n
o p e r a t o r  i s  c o n s i s t e n t  w i t h  u se  o f  t h e  s t a t i c  p o t e n t i a l  t o  r e p r e s e n t
t h e  i n t e r a c t i o n  o f  t h e  e l e c t r o n  w i t h  t h e  h yd ro ge n  a tom;  however ,
Whee l e r  and W i l d t  u s ed  p l a n e  waves  f o r  t h e  e x t e r n a l  e l e c t r o n .  T h e i r
r e s u l t s  we r e  n e a r  t h o s e  o f  Menzel  and P e k e r i s ,  bu t  b o t h  were
c o n s i d e r a b l y  s m a l l e r  t h a n  o b s e r v a t i o n s  o b t a i n e d  f rom t h e  s o l a r  l imb
g
d a r k e n i n g  me as u re me n t s  o f  Cha l on g e  and K o u r g a n o f f  in  19^6. T h i s  
l ed  Ch a l on g e  and K o ur g a n o f f  t o  p o s t u l a t e  t h e  e x i s t e n c e  o f  an unknown 
a b s o r b e r .
g
L a t e r  t h a t  y e a r  C h a n d r a s e k h a r  and Br e en  p e r f o r m e d  a c o n s i s t e n t  
c a l c u l a t i o n  u s i n g  t h e  H a r t r e e  a c c e l e r a t i o n  o p e r a t o r  w i t h  H a r t r e e  
waves  f o r  t h e  e x t e r n a l  e l e c t r o n .  T h e i r  r e s u l t s ,  a l t h o u g h  l a r g e r  
t h a n  t h e  o b s e r v e d  o p a c i t y ,  i n d i c a t e d  t h a t  a n  unknown a b s o r b e r  was 
n o t  n e c e s s a r y .  T h e i r  method d i d  n o t  a l l o w  e i t h e r  f o r  e xcha nge  o r
9f o r  d i s t o r t i o n  o f  t h e  a tom and t h e r e b y  f a i l e d  t o  r e c o g n i z e  t h e  two
e l e c t r o n  n a t u r e  o f  t he  p rob lem.
In I960 Ohmura and O h m u r a d e v i s e d  an a p p r o x i m a t e  f o r mu l a
i n v o l v i n g  o n l y  t h e  S-wave p h a s e  s h i f t s  f o r  t h e  e l a s t i c  s c a t t e r i n g  o f
e l e c t r o n s  f rom hydrogen .  They used t he  a s y m p t o t i c  form o f  the  S
wave ( C h a p t e r  IV) t o g e t h e r  w i t h  t h e  P-wave p a r t  o f  a p l a n e  wave and
c o n s i d e r e d  o n l y  S -* P t r a n s i t i o n s .  When t he  l e n g t h  o p e r a t o r  was
employed t o g e t h e r  w i t h  H a r t r e e  wave p h a s e  s h i f t s ,  t h e  r e s u l t s  o f
C h a n d r a s e k h a r  and Breen  were  c l o s e l y  r e p r o d u c e d  a t  long w a v e l e n g t h s .
In  1961 Ohmura and O h m u r a ^  improved t h e i r  c a l c u l a t i o n s  by a l l o w i n g
f o r  exchange  e f f e c t s  t h r o u g h  us e  o f  t h e  1/4:3/*+ sum r u l e  t o g e t h e r
w i t h  s p i n  d e p e n d e n t  p h a s e  s h i f t s  o r i g i n a l l y  o b t a i n e d  f rom B r a n s d e n ,  
12e t .  a l .  They o b t a i n e d  a *+0% r e d u c t i o n  o f  C h a n d r a s e k h a r  and
B r e e n ' s  r e s u l t s  which  a p p e a r s  t o  be lower  t h a n  o b s e r v a t i o n .  The
a s y m p t o t i c  p r o c e d u r e s  must  he r e g a r d e d  w i t h  c o n s i d e r a b l e  c a u t i o n ,
a s  d e s c r i b e d  i n  C h a p t e r  VI I .
13In 1962 Romanov used  t h e  H u l t h e n  v a r i a t i o n a l  method n e g l e c t ­
i ng  a t o m i c  d i s t o r t i o n  t o  o b t a i n  r e s u l t s  wh i ch  a g r e e d  c l o s e l y  w i t h  
C h a n d r a s e k h a r  and Breen .
14The f i r s t  d i r e c t  a l l o w a n c e  f o r  e xcha nge  was made by J oh n  in
1964,  who employed t h e  s t a t i c  e x c h a n g e  a p p r o x i m a t i o n  w i t h  t h e  l e n g t h
o p e r a t o r  t o  o b t a i n  t h e  c o n t r i b u t i o n  o f  Se- * P  t r a n s i t i o n s .  The
s t a t i c  e xcha nge  a p p r o x i m a t i o n  doe s  n o t  a l l o w  f o r  a t o m i c  d i s t o r t i o n
b u t  doe s  i n c l u d e  e x c h a n g e  e f f e c t s .  A r e d u c t i o n  o f  30 t o  40% f rom
C h a n d r a s e k h a r  and Br e en  was f o u n d ,  b u t  t h e  r e s u l t s  r ema in  above
15t h o s e  o f  Ohmura and Ohmura.  In t h e  same y e a r  Ohmura r e d uc e d  t h e
10
r e s u l t s  o f  Ohmura and Ohmura even  more by u s i n g  t he  p h a s e  s h i f t s  of  
16S ch wa r t z  wh i ch  a r e  g e n e r a l l y  conceded  t o  be t h e  most  a c c u r a t e  
a v a l l a b l e .
L a t e r  in  196*+ Ge l tman*^  p e r f o r m e d  t h e  f i r s t  c a l c u l a t i o n  t o
d i r e c t l y  a l l o w  f o r  e xcha nge  and d i s t o r t i o n  e f f e c t s .  Gel tman
18employed t he  Hul t hen - Kohn  (Gel tman ) v a r i a t i o n a l  p r i n c i p l e  t o  
d e t e r m i n e  t h e  v a r i a t i o n a l  p a r a m e t e r s  in  t h e  f o l l o w i n g  f u n c t i o n :
' i / O  =  ( I / * - ( H n ) Kxy 5 + ^
• [ i < K )  - a *  d - e k r - ) X M  T V f e i ) ]
+  C 4 ^ . t r . )  - t C j  ( ! „ ( ' , ) ]
• [ c 4  ! ? „ ( * ; ) + c f  * „ ( » ; ) ]
+ Cfc P+ (cos d,4) r j  R3i Cn) J  + (?*-*£)
where  $ ( r ^ )  i s  t h e  u n p e r t u r b e d  hydrogen  I s  s t a t e ,  t h e  a r e  t h e  
u n n o r m a l i z e d  r a d i a l  h y dr og en  f u n c t i o n s ,  and a t , t h e y . ,  and t h e  C. 
a r e  t he  v a r i a t i o n a l  p a r a m e t e r s  t o  be d e t e r m i n e d .  The t r i a l  f u n c t i o n  
c o n t a i n s  monopo le ,  d i p o l e ,  and q u a d r u p o l e  d i s t o r t i o n  and may be 
c o n s i d e r e d  a r e s t r i c t e d  form o f  t h e  l s - 2 s " 2 p - 3 s - 3 p - 3d c l o s e  c o u p l i n g  
a p p r o x i m a t i o n  in  wh i ch  o n l y  c e r t a i n  p a r a m e t e r s  r a t h e r  t h a n  t h e  
f u n c t i o n s  d e s c r i b i n g  t h e  e x t e r n a l  e l e c t r o n  a r e  d e t e r m i n e d .  Only 75% 
o f  t h e  d i p o l e  p o l a r i z a b i l i t y  c an  be o b t a i n e d  when t h e  2p and 3p
19s t a t e s  a r e  i n c l u d e d  (Doughty J .  The p h a s e  s h i f t s  of  Gel tman a r e  
o b t a i n e d  f rom t h e  p a r a m e t e r  a (6  = t a n  * a) d e f i n e d  by
&  =  4 *  “  L i / k  
L i  =  K 1
However Gel tman used  some ad hoc p r o c e d u r e s  t o  improve upon t he
p a r a m e t e r  a. He used v a r i o u s  me t hods  t o  o b t a i n  b e t t e r  p h a s e  s h i f t s
and hence  a b e t t e r  v a l u e  o f  t h e  p a r a m e t e r  a.  The v a r i a t i o n a l
p a r a m e t e r s  were  t h e n  changed  so  a s  t o  o b t a i n  t h e  improved a.  The
p h a s e  s h i f t s  o f  S c h w a r t z ^  were  used  f o r  mos t  o f  G e l t m a n 1 s
t a b u l a t e d  e n e r g i e s ,  and t h e  p h a s e  s h i f t  o f  Sc hw a r t z  was used f o r
20t h e  l o we s t  t a b u l a t e d  e n e r g y .  O ' i t a l l e y ,  S p r u c h ,  and Ros e nb e rg  
showed t h a t  t h e  low e n e r g y  b e h a v i o r  o f  t h e  P and D p h a s e  s h i f t s  
d e pen d s  o n l y  upon t h e  p o l a r i z a b i 1i t y  a  o f  t he  hyd r ogen  atom.
Th i s  r e l a t i o n  was used  t o  o b t a i n  improved v a l u e s  o f  a a t  t he  two 
l owes t  t a b u l a t e d  e n e r g i e s *  The r e s u l t s  o b t a i n e d  by Gel tman  a p p e a r  
i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  o b s e r v a t i o n s  o f  Cha l onge  and 
k o u r g a n o f f ,  b u t  t h e  improved p h a s e  s h i f t s  may no t  be a v a i l a b l e  f o r  
u se  in s i m i l a r  p r o b le ms .  I t  i s  d e s i r a b l e  t o  d e v e l o p  s e l f - c o n t a i n e d  
f o r m a l i s m s  wh i ch  may be a p p l i e d  w i t h  some d e g r e e  o f  c o n f i d e n c e  in 
r e l a t e d  phenomena.
21Doughty and F r a s e r  in  1966 employed t h e  c l o s e  c o u p l i n g  o r  
e i g e n f u n c t i o n  e x p a n s i o n  method t o  o b t a i n  t h e  a b s o r p t i o n  c o e f f i c i e n t *  
In t h i s  method t h e  two p a r t i c l e  s t a t e  i s  r e p r e s e n t e d  a s  an e x p a n s i o n  
i n  t h e  e x a c t  h yd r og e n  e i g e n s t a t e s  w i t h  t h e  e x p a n s i o n  c o e f f i c i e n t s
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b e i n g  s c a t t e r i n g  s t a t e s  f o r  t he  e x t e r n a l  e l e c t r o n .  The method 
y i e l d s  a s e t  o f  c o u p l e d  i n t e g r o - d i f f e r e n t i a l  e q u a t i o n s  f o r  the  
s c a t t e r i n g  s t a t e s .  Doughty and F r a s e r  used t h e  I s - 2 s  e x p a n s i o n  f o r  
mos t  o f  t h e i r  c a l c u l a t i o n s  bu t  a l s o  i n c l u d e d  some l s - 2 s - 2 p  
c a l c u l a t i o n s .  T h e i r  r e s u l t s  a r e  in  c l o s e  a g r e e m e n t  w i t h  t h o s e  o f  
Ge l tman  bu t  t e n d  t o  be s l i g h t l y  h i g h e r  a t  v e r y  long w a v e l e n g t h s .  
T h e i r  method s u f f e r s  f rom f a i l u r e  t o  i n c l u d e  a l l  o f  t he  d i p o l e  
p o l a r i z a t i o n .  The l s - 2 s  e x p a n s i o n  g i v e s  no d i p o l e  p o l a r i z a t i o n
w h i l e  t h e  l s - 2 s - 2 p  e x p a n s i o n  g i v e s  o n l y  66%.
22John d e v i s e d  a s i m p l i f i e d  f o r m u l a  f o r  t h e  a b s o r p t i o n  
c o e f f i c i e n t  which  i n v o l v e s  o n l y  t h e  s c a t t e r i n g  p h a s e  s h i f t s .  The 
a s y m p t o t i c  f u n c t i o n s  a s  d e s c r i b e d  in  C h a p t e r  IV we re  a p p r o x i m a t e d  
a s  f o l l o w s
j? r  j(LoS ~  * h  * j (■ f e S i  n  ( k r  ~ ^  ^
T h i s  t r a n s f o r m a t i o n  i s  a c c o m p l i s h e d  by e mp l o y in g  t h e  a s y m p t o t i c  
forms  o f  t h e  s p h e r i c a l  B e s s e l  f u n c t i o n s  and n^.  The r e s u l t i n g  
m a t r i x  e l e m e n t s  c o n t a i n  i n t e g r a n d s  wh i ch  a r e  c o n v e r g e n t  a t  t h e  
o r i g i n  f o r  a l l  t r a n s i t i o n s .  Th i s  i s  no t  t r u e  o f  t h e  forms  used by 
Ohmura and Ohmura.  John  i s  a b l e  t o  r e p r o d u c e  more e l a b o r a t e  
c a l c u l a t i o n s  t o  w i t h i n  10%. Fo r  e xampl e  when he used h i s  s t a t i c  
e xcha nge  p h a s e s  h i s  e a r l i e r  c a l c u l a t i o n  (196*0 i s  r e p r o d u c e d  t o  
w i t h i n  10% a t  l ong  w a v e l e n g t h s .  The s u r p r i s i n g  s u c c e s s  o f  s uc h  a 
p r o c e d u r e  mus t  be c o n s i d e r e d  p u r e l y  a c c i d e n t a l  in  l i g h t  o f  t h e  g r o s s  
a p p r o x i m a t i o n s  i n v o l v e d .  The s i m p l i c i t y  and a c c i d e n t a l  a c c u r a c y  o f  
t h i s  p r o c e d u r e  a l l o w  o n e ,  however ,  t o  g i v e  some j u s t i f i c a t i o n  t o  
n e g l e c t i n g  t r a n s i t i o n s  h i g h e r  t h a n  P++D. John  found  t h a t  D*+F
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t r a n s i t i o n s  c o n t r i b u t e d  l e s s  t h a n  t he  S**P t r a n s i t i o n s  by f o u r  
o r d e r s  o f  m a gn i t ud e .
The wave f u n c t i o n s  used in  t he  p r e s e n t  c a l c u l a t i o n  a r e  d e s c r i b e d  
i n  d e t a i l  in t h e  f o l l o w i n g  C h a p t e r .
IV. A d i a b a t i c  Exchange Wave F u n c t i o n s
A. Formal  T h e o r y .
The wave f u n c t i o n s  r e q u i r e d  a r e  t h o s e  d e s c r i b i n g  t he  mo t i on  of  
a f r e e  e l e c t r o n  in  t he  f i e l d  o f  a hyd r o g e n  atom.  The S c h r o d i n g e r  
e q u a t i o n  i s
l y t )  = 0
w h . r e  H  =  \
E  = -1  + k z
A l l  q u a n t i t i e s  a r e  e x p r e s s e d  in  a t o m i c  u n i t s .
23 2kThe p o l a r i z e d  o r b i t a l  a p p r o x i m a t i o n  * assumes  t h e  f u n c t i o n  
^  £  ( 1 , 2 )  t o  be o f  t h e  form
Vg a,*)  = ^z .[v 0)*)4£u ) + c-/f>pu:i)^(Oj <1,-2)
s —
4 Is a  f r e e  s t a t e  f u n c t i o n  o f  momentum k c o r r e s p o n d i n g  t o  a t o t a l
s p i n  S,  and i b ( l ; 2 )  i s  t h e  a t o m i c  s t a t e  o f  e l e c t r o n  1 d i s t o r t e d  due
t o  t h e  p r e s e n c e  o f  e l e c t r o n  2.
=  u,LO-t-Z.U)i)
wher e  uQ i s  t h e  I s  h yd r oge n  s t a t e ,  and x U i ? )  I s t h e  i nd uc ed
Z  , X  
**. r >*
f1*- 1)
d i s t o r t i o n .  \  may be d e t e r m i n e d  a n a l y t i c a l l y  from f i r s t  o r d e r
p e r t u r b a t i o n  t h e o r y ,  i . e . ,  any p a r t i a l  wave component  may be d e t e r -
25 26mined a n a l y t i c a l l y .  * No exchange  e f f e c t s  a r e  i n c l u d e d  in t he
c a l c u l a t i o n  of  X; t he  p e r t u r b a t i o n  by t he  e x t e r n a l  e l e c t r o n  is
r e ga r ded  on l y  as  an  e x t e r n a l  p o t e n t i a l  which depends  p a r a m e t e r i c a 1ly
upon t he  p o s i t i o n  of  t he  s c a t t e r i n g  e l e c t r o n .  Once X has  been
S
d e t e r m i n e d  an e q u a t i o n  f o r  t h e  f u n c t i o n  may be o b t a i n e d  by 
r e q u i r i n g  t h a t  v a r i a t i o n  of  < H-E > be z e r o .  The r e s u l t i n g  e q u a t i o n  
i s  known as  t h e  p o l a r i z e d  o r b i t a l  e q u a t i o n .
I  y * U ; 2 ) [ H - E ]  y l O j Z . j d r ,  -  0 (*.-3)
The a d i a b a t i c  exchange  a p p r o x i m a t i o n  r e s u l t s  when a l l  v e l o c i t y  
d e pe nd e n t  t erms  and a l l  exchange  p o l a r i z a t i o n  terms a r e  d ropped  
from ( 4 - 3 ) • The f o r mer  a p p r o x i m a t i o n  may be a cc o mp l i s he d  by r e -  
p l a c i n g  0  (1 ;2)  by u ^ ( l ) .  The a d i a b a t i c  exchange  e q u a t i o n  i s
[ - £  -  f  + vt (« +vp «> -  fe1] +J (?)
=  { - 0s*' [ - ( l  + l ? l | u . 0t r ) < f j ( f ) « t V
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where  V and V a r e  t he  u s u a l  coulomb and p o l a r i z a t i o n  p o t e n t i a l s ,  c p
r e s p e c t i v e l y .
V4  ( R )  =  j u ,  t n - j T i g T  U , t f ) d 3 r
(*+-5)
V p  I k )  =
2kAs d i s c u s s e d  by C a l l a w a y ,  LaBahn,  Pu ,  and O u x l e r ,  t h e  monopole
component  o f  t h e  p o l a r i z a t i o n  p o t e n t i a l  i s  n e a r l y  c a n c e l l e d  by a
n o n a d i a b a t i c  c o r r e c t i o n  ( t h e  d i s t o r t i o n  p o t e n t i a l  o f  C a l l a w a y ,  e t .
a l . ) .  C o n s e q u e n t l y  o n l y  t h e  d i p o l e  component  o f  t h e  p o l a r i z a t i o n
p o t e n t i a l  has  been  r e t a i n e d  in
Only t h e  d i p o l e  component  o f  X i s  r e t a i n e d  in  c o n s t r u c t i n g  t h e
two p a r t i c l e  wave f u n c t i o n s  ( 1 , 2 ) .  As w i l l  be s e e n ,  n e g l e c t  o f
t h e  monopole  component  does  no t  a f f e c t  t h e  d i r e c t  t e r ms  in t h e
m a t r i x  e l e m e n t  t o  f i r s t  o r d e r  in  x* T h e r e  i s  some e v i d e n c e  f rom
p h o t o i o n i z a t i o n  c a l c u l a t i o n s  in  l i t h i u m  t h a t  i n c l u d i n g  t h e  monopole
27component  o f  X i n t h e  e x c h a n g e  t e r ms  l e a d s  t o  i n c o r r e c t  r e s u l t s .
B. R e d u c t i o n  f o r  C o m p u t a t i o n .
P a r t i a l  wave e x p a n s i o n s  a r e  used  t o  o b t a i n  t h e  s ,  p and d wave 
s c a t t e r i n g  s t a t e s  $ The i n i t i a l  s t a t e  mus t  behave  a s y m p t o t i c a l l y  
a s  a p l a n e  wave p l u s  an o u t g o i n g  s p h e r i c a l  wave w he rea s  t h e  f i n a l
2 8s t a t e  mus t  b eh av e  a s  a  p l a n e  wave p l u s  an i n g o i n g  s p h e r i c a l  wave.
17
t* w
• F / c f c t y i R )
R
(1, - 6 )
U - g l R )  =  U j , ( R )  V  ° C K )  C^-7)
5
In (4-6)  F^ has  t he  a s y m p t o t i c  form
C ^ - 8 )
5
where 6^ (k) i s  t h e  e l a s t i c  s c a t t e r i n g  phase  s h i f t  f o r  t h e  1th 
p a r t i a l  wave c o r r e s p o n d i n g  t o  t o t a l  s p i n  S. When (4-6)  and (4-7)  
a r e  used in ( 4 - 4 ) ,  a r a d i a l  s c a t t e r i n g  e q u a t i o n  i s  o b t a i n e d .
L" J k *  +  "  i e " 41' +  vp l ^ ~ k* ]  ^  &
=  c - D s + , { - ( K f e 4 ; ^ + l ^ i J/0
+ A /  I  *■ 1 f f w * ' '
V u l x ) r - l F f L k i r ) d r
0
+  Ri + ' B j j  V l f LR)  ^
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where a   r  oc
t  ~  \  V l s L r >  r < * ‘ f 2 * i k - , r ) d r  
=  i  U ls M  r ~ *  F/ l k > r > <*■* (1. - 10)
vP no = - f o  [ I - +^  +« + f  f?+tKV
* -  4 R  ^  -»
- A j - U - f O  ]
E q u a t i o n  (*+- 9) was s o l ve d  n o n - i t e r a t i v e l y  employ ing  an outward  
29Numerov i n t e g r a t i o n .  The wave f u n c t i o n s  and p ha se  s h i f t s  a t  a
2
r e g u l a r  g r i d  o f  k v a l u e s  were  p e r m a n en t l y  s t o r e d  on ma g ne t i c  t ape
f o r  l a t e r  use i n  c a l c u l a t i n g  t h e  a b s o r p t i o n  c o e f f i c i e n t .
A compar i son  o f  t h e  AED p ha se  s h i f t s  w i t h  t h o s e  o b t a i n e d  from
o t h e r  a p p r o x i m a t i o n s  i s  g i v e n  in f i g u r e s  1-6.  The c u r v e s  l a b e l e d  T
a r e  o b t a i n e d  from t h e  d i p o l e  a d i a b a t i c  exchange  c a l c u l a t i o n s  of
23Temkin and Lamkin in which a d i f f e r e n t  p o l a r i z a t i o n  p o t e n t i a l  
was used.  Temkin and l a m k i n ' s  p o t e n t i a l  d i f f e r s  from t he  p r e s e n t  
one in t h a t  t h e  p e r t u r b a t i o n  i s  n e g l e c t e d  when t he  e x t e r n a l  e l e c t r o n  
i s  i n s i d e  t he  a t o mi c  e l e c t r o n .  As might  be e x p e c t e d  AED and T 
d i f f e r  by r e l a t i v e l y  smal l  amounts .  The c u r v e s  l a b e l e d  TLS a r e
o b t a i n e d  from t he  p o l a r i z e d  o r b i t a l  a p p r o x i m a t i o n  o r i g i n a t e d  by
23 30Temkin and Lamkin and m o d i f i e d  by S l oan .  The p o l a r i z e d  o r b i t a l
a p p r o x i m a t i o n  o f  Temkin and Lamkin d i f f e r s  f rom t h e i r  d i p o l e  a d i a ­
b a t i c  exchange  method t h r o u g h  i n c l u s i o n  o f  c e r t a i n  p e r t u r b e d  e x ­
change  t e rms .  S l o a n ' s  m o d i f i c a t i o n  c o n s i s t s  o f  i n c l u d i n g  d i f f e r e n t ­
i a t i o n  o f  t he  s t e p  f u n c t i o n  t h a t  must  be used i n  c u t t i n g  o f f  t h e
p e r t u r b a t i o n ;  i t  a f f e c t s  o n l y  t h e  p-wave  p h a s e  s h i f t s  o f  Temkin and
La mk i n ' s  p o l a r i z e d  o r b i t a l  method.  The c u r v e s  l a b e l e d  EP a r e  o b t a i n e d
2*tfrom t h e  work o f  C a l l a w a y ,  e t .  a l .  i n  which  a r e p u l s i v e  p o t e n t i a l  
( t h e  d i s t o r t i o n  p o t e n t i a l )  i s  added  t o  t h e  c o m p l e t e  p o l a r i z a t i o n  
p o t e n t i a l  t o  a c c o u n t  f o r  c e r t a i n  v e l o c i t y  d e p e n d e n t  e f f e c t s .  The
c u r v e s  l a b e l e d  VAR a r e  o b t a i n e d  f rom t h e  v a r i a t i o n a l  c a l c u l a t i o n s  o f
16 31 S c h wa r t z  and Ar ms te ad .  The VAR r e s u l t s  ( u n a v a i l a b l e  f o r  d-wave
and h i g h e r )  a r e  t h o u g h t  t o  be t h e  b e s t  a v a i l a b l e .  F i n a l l y  t h e
c u r v e s  l a b e l e d  G and CC a r e  o b t a i n e d  f rom t he  c a l c u l a t i o n s  o f
17 21Ge l tman  and Doughty and F r a s e r ' s  l s - 2 s - 2 p  c l o s e - c o u p l i n g
c a l c u l a t i o n .  G and CC a r e  a d e q u a t e l y  d e s c r i b e d  i n  C h a p t e r  I I I .
As can  be s e e n  f rom f i g u r e s  1 and 2 ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  
d i f f e r e n c e  i n  t h e  s - w a v e  p h a s e  s h i f t s  o f  t h e  v a r i o u s  c a l c u l a t i o n s .
AED g i v e s  q u i t e  good p h a s e  s h i f t s .  I t  i s  t h e  b e s t  s i m p l e  a p p r o x i m a ­
t i o n  a v a i l a b l e  f o r  s waves .  For  t h e  p - wa ves  t h e  AED r e s u l t s  a r e  
h i g h e r  t h a n  VAR whi ch  i s  a g a i n  h i g h e r  t h a n  CC and G. The r e l a t i v e  
d i f f e r e n c e s  be tween  AED and VAR and be twee n  VAR and G ( a l s o  VAR and 
CC) a r e  o f  t h e  same o r d e r  o f  m a g n i t u d e  b u t  d i f f e r e n t  s i g n .  I t  i s  
s e e n  t h a t  EP g i v e s  v e r y  good p -waves  and can  p r o b a b l y  be used  as  an 
" e x a c t ! 1r e f e r e n c e  f o r  a l l  h i g h e r  p a r t i a l  waves  a t  low e n e r g i e s .
Assuming t h i s  t o  be s o ,  i t  i s  s e e n  t h a t  t h e  d i s t i n c t i o n  be twee n  AED 
and G and CC f o r  d - w a ve s  has  r o u g h l y  t h e  same c h a r a c t e r i s t i c s  as  f o r  
p -waves .
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V. The M a t r i x  E l eme n t s
A. Forma 1 Deve l opmen t .
The d i p o l e  m a t r i x  e l e m e n t  o c c u r r i n g  in ( 2 - 9 )  may be w r i t t e n  as
<-fl ^
-t- ( - o s< ( ^  «•*■> I ^ >+ Dj f i  <pu-y i)
( 5 - 1 )
where  * ^ 1 + ^ 2 ^ ’ and and have s i m i l a r  mean­
i n g s .  The f i r s t  o f  t h e  two t e r m s  on t h e  r i g h t  hand s i d e  o f  ( 5 “ l )  i s
t h e  d i r e c t  t e rm.  When i s  t h e  o p e r a t o r  i n  t h e  d i r e c t  t e r m ,  t h e
2
p e r t u r b e d  o r b i t a l  may be removed by n o t i n g  t h a t  (6(1; 2) i s  n o r m a l i z e d  
i n  c o o r d i n a t e  1 f o r  a l l  v a l u e s  o f  c o o r d i n a t e  2. Thus
< i i ' U y o t f l - t )  I D (^  |  U > 0 ; i ) 4 > ^  U ) y
J t  c
= < 4 > « l C K w >
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F o r  t he  v e l o c i t y  c a s e  ( j = 2 )  (5*2)  i s  t h e  o n l y  n o n - v a n i s h i n g
c o n t r i b u t i o n .  S i n c e  i n v o l v e s  V , ,
Z 1 1
R f  4.
=  | j
-  o
The l e n g t h  c o n t r i b u t i o n  f rom ^  does  no t  v a n i s h ,  however ,  and
L \
c o n s t i t u t e s  t h e  o n l y  d i r e c t  t e rm  i n  e i t h e r  f o r m u l a t i o n  which  c o n t a i n s
t h e  p e r t u r b a t i o n
As s t a t e d  e a r l i e r ,  n e g l e c t  o f  t h e  monopole  component  o f  x does
no t  a f f e c t  t h e  d i r e c t  t e r ms  t o  f i r s t  o r d e r  in  Th i s  i s  o b v i o u s l y
t r u e  f o r  t h e  v e l o c i t y  e l e m e n t  s i n c e  \  does  no t  a p p e a r  in  (5*2) .  A l l
f i r s t  o r d e r  t e r ms  i n  \  *n t h e  ^ z j ^  c o n t r i b u t i o n  t o  t h e  l e n g t h  m a t r i x
e l e m e n t  a r e  o f  odd p a r i t y  when an even  m u l t i p o l e  o f  X *s u s e d ,  and
a s  a r e s u l t  i n t e g r a t i o n  o v e r  a n g l e s  g i v e s  z e r o .
The s econd  t e rm on t h e  r i g h t  hand s i d e  o f  (5*1)  i s  t h e  e xc ha n ge
term.  Note  t h a t  by i n t e r c h a n g i n g  t h e  dummy c o o r d i n a t e  l a b e l s  and
u s i n g  t h e  h e r m i t i a n  p r o p e r t y  o f  t h e  o p e r a t o r s  i n v o l v e d  a l l o w s  t h e
c o n t r i b u t i o n  t o  be o b t a i n e d  d i r e c t l y  f rom t h e  c o n t r i b u t i o n .
2 Z 1
B. Reduc t  ion  f o r  Computat  i o n .
F o r  u se  i n  t h e  m a t r i x  e l e m e n t s  X *s expanded  in  p a r t i a l  waves
r e t a i n i n g  o n l y  t h e  d i p o l e  component  a s  d i s c u s s e d  in  C h a p t e r  V.
28
X , ( r } g )  =-  4 7 T
where
V  u r ( r ;  R )  w * ^  ^L —r— Y c?>y ( R )
M = - i
r I t 3 ( R ^ )  - A f ? / t  - _ L _ ^  ^
- (.■£ +r)J v-UuCO J r <  |?
(5 - 3 )
(5- 4)
Thr ough  u s e  o f  t h e  p a r t i a l  wave e x p a n s i o n s  a s  d e t a i l e d  in 
e q u a t i o n s  ( 4 - 6 ) ,  ( 4 - 7 ) ,  and ( 5 “3 ) . t h e  a n g u l a r  and r a d i a l  i n t e g r a ­
t i o n s  a r e  s e p a r a t e d .  The r e s u l t i n g  a n g u l a r  i n t e g r a l s  a r e  e a s i l y  
e v a l u a t e d ,  s i n c e  t h e y  c o n s i s t  o f  p r o d u c t s  o f  s p h e r i c a l  h a r m o n i c s ,  
and g i v e  r i s e  t o  t h e  f o l l o w i n g  f a c t o r s  wh i ch  m u l t i p l y  t h e  r a d i a l  
i n t e g r a l s :
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P - D :  e a  S > J + ^ M ] - [ # X a f )  y f t . )
D - P : ^
+  X ’ ^ f )  +  x  t y f l v ]
( 5 - 5 )
The f a c t o r s  i n  ( 5 “M  m u l t i p l y  a l l  t e r ms  o f  t h e  c o r r e s p o n d i n g  
t r a n s i t i o n s  i r r e g a r d  l e s s  o f  w h e t h e r  t h e y  a r e  d i r e c t  o r  exchange  
t e rms .
From ( 5 - 2 )  t h e  d i r e c t  r a d i a l  i n t e g r a l s  common t o  b o t h  f o r m u l a ­
t i o n s  a r e  o f  t h e  form
j< * R  5 * C f c i i R ) ( 5 - 6 )
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where 1. a rd  1^ t a k e  t h e  v a l u e s  0 ,  I ,  o r  2 but  d i f f e r  by I(l^.  = l . t l )  
and where
^■R ^
(5-7)
^  ~  J k ' R  I -** V *  ”  ^  +  l ^
The r a d i a l  i n t e g r a l s  o c c u r r i n g  in (5”6) a r e  c a l c u l a t e d  n u m e r i c a l l y  
employing  t he  s i x  p o i n t  fo r mul a  o u t  t o  2*+. 6 a^ . S i nc e  t he  i n t e g r a n d  
o s c i l l a t e s ,  t h e  c o n t r i b u t i o n  from 2 4 . 6  o u t  t o  i n f i n i t y  may not  be
n e g l i g i b l e .  The a s y m p t o t i c  forms o f  F* e q u a t i o n  ( 4 - 8 ) ,  a r e  employed
JL
t o  o b t a i n  t h i s  c o n t r i b u t i o n  a n a l y t i c a l l y .  I t  was found t o  be 
c o n v e n i e n t  t o  f i r s t  c a l c u l a t e  t he  a s y m p t o t i c  c o n t r i b u t i o n  t o  t he  
v e l o c i t y  e l e me n t .  R e c u r s i o n  r e l a t i o n s  f o r  t h e  s p h e r i c a l  B es se l  
f u n c t i o n s  can  be used t o  o b t a i n  t h i s  c o n t r i b u t i o n  in t e rms  o f  t he  
i n t e g r a l s
J R1 !; tfef(?) F'(k:R)«iR (5-8)
M * T *
where f .  and f* r e p r e s e n t  e i t h e r  j  o r  n . The s p h e r i c a l  B es se l
JL JL JL JL
e q u a t i o n  can be used t o  o b t a i n  t h e  i n t e g r a l  (5"8)  p r o v i d e d  t h a t  t h e
us ua l  p r o c e d u r e  i s  employed t o  make t h e  i n t e g r a l  a b s o l u t e l y  c o n v e r ­
ge n t .  The c on v e r g e nc e  p r o c e d u r e  i s  e q u i v a l e n t  t o  c ho o s i n g  wave 
p a c k e t s  f o r  t h e  s c a t t e r i n g  s t a t e s .  The r e s u l t i n g  c o r r e c t i o n s  a r e
S " F! A k %  { l ^  [ LOi W V - f c  } +
- C o s  Cfet ) -»f^Cfc;) + fe+ /''l)  J
-  k_Sin ( i ,S(kf) +  J4 (ki) +  fe+Al) 
- k + S i / i ( i ; * I k f h & U  +  k . M ) }
W A k 1% l ^ - Sin ( f i V + f i W + K ” )
- k + S i n  U / f c - p - J (s(fe; ) + l ? _ A i ) j
P-»S:
P-*D: -ii. f n _ sk t  -I . s s
TT*f  {  1 b +  S m  ( £ U , )  +JJ (k .) +  fe+AfJ
' iF^j ‘■j s ^( J+ aj j 
+ k i* V «  I * ~ K k f ^ h 0 S + f c ) + l Sfft))
+  fr* { 1 +  b ^ A ) * ] 4 0 5  < * ;)  +  •«
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- c o s  ( ^ t f ) +  S* Cfec )  +  t + M )  J
-  k _ S i n  ( S tSCbf ) +  f / ( f e t- )  +  b+ M )
- t+ Si« (S,S(kf) - r/(lfj ■+ fe.M ) ]
(5 - 9)
where  k^ ■ k ,  + k.  and k » k ,  - k.+ f  1 f  i
In  a p p e n d i x  B, i t  i s  shown t h a t  t h e  l e n g t h  m a t r i x  e l e m e n t  can
be o b t a i n e d  f rom t h e  v e l o c i t y  m a t r i x  e l e m e n t  s imp l y  by m u l t i p l y i n g
2
by -i / txJ ( i n  a t o m i c  u n i t s  (*)■ A  k ) .  S i n c e  t h e  a s y m p t o t i c  forms  a r e
t h e  e x a c t  s o l u t i o n s  i n  t h e  a s y m p t o t i c  r e g i o n ,  one  migh t  t h i n k  t h a t
t h e  same r e l a t i o n  h o l d s  be tween  t h e  l e n g t h  and v e l o c i t y  c o r r e c t i o n
f o r m u l a s .  T h i s  i s  n o t  t h e  c a s e ,  however ,  s i n c e  t h e  r e l a t i o n  
•
r  * [ r ,  H] h o l d s  f o r  m a t r i x  e l e m e n t s ,  i . e . ,  i n t e g r a t i o n s  a r e  assumed 
o v e r  a l l  s p a c e .  In t h e  c o r r e c t i o n  f o r m u l a  t h e  i n t e g r a t i o n  l e a v e s  
o u t  a s p h e r e  o f  r a d i u s  M a b o u t  t h e  o r i g i n .  A n o n - v a n i s h i n g  s u r f a c e  
i n t e g r a l  t e rm  r e s u l t s .  T h i s  p r o c e d u r e  was u s ed  t o  o b t a i n  t h e  l e n g t h  
c o r r e c t i o n s  be low.
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From (5-9)  i t  i s  o b s e r v ed  t h a t  t he  v e l o c i t y  a s y m p t o t i c  forms d i v e r g e  
as  M-0 f o r  a l l  t r a n s i t i o n s  e x c e p t  P-S. From ( 5-10)  i t  f o l l o w s  t h a t  
a l l  d i v e r g e  in t h e  l e n g t h  c a s e  e x c e p t  S-*P and P-S.
The r e ma i n i n g  c o n t r i b u t i o n  t o  t he  d i r e c t  t e rm in the  l e n g t h  
f o r m u l a t i o n  i s  o b t a i n e d  by u s i n g  0 ^ ^  in t h e  d i r e c t  term of (5*1) .  
The re  a r e  two n o n - v a n i s h i n g  c o n t r i b u t i o n s  which a r e  f i r s t  o r d e r  in 
one i n v o l v e s  a p e r t u r b e d  f i n a l  s t a t e  and t h e  o t h e r  a p e r t u r b e d  
i n i t i a l  s t a t e .  The two c o n t r i b u t i o n s  a r e  e a s i l y  shown t o  be 
i d e n t i c a l ,  and t h e  r e s u l t i n g  r a d i a l  i n t e g r a l s  i n c l u d i n g  t he  f a c t o r  
o f  2 a r e
‘C l V i ) w t r 5 * ) |i;s t f c ; ; R >  ( 5 - n )t
where  l j  and 1^ a r e  0,  1, o r  2 bu t  d i f f e r  by 1 (1^ * 1. ± l ) .
The exchange  t e rm o f  (5~l )  c o n s i s t s  o f  two terms  (f rom and
which a r e  z e r o  o r d e r  in X an<* two t e rms  which  a r e  f i r s t  o r d e r
2
i n  x* The z e r o  o r d e r  t e rms  i n  X can  y i e l d  o n l y  S«-*P t r a n s i t i o n s .  
The r a d i a l  i n t e g r a l  f o r  t h e  P —» S t r a n s i t i o n  i s
\ jlR R F / c t f ; R ) U u t K )
• j i r  r  U , s (r ) ( 5 - 1 2 )
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The S —» P t r a n s i t i o n  i s  o b t a i n e d  f rom (5- 12) s imply  by ( - 1) J * [ i « - * f ] .  
In o b t a i n i n g  t h e  t o t a l  m a t r i x  e l emen t  t he  i n t e r c h a n g e  of  i n i t i a l  and 
f i n a l  s t a t e s  must  a l s o  be made i n  t he  P —► S member o f  (5*5) .  The 
two t e rms  which a r e  f i r s t  o r d e r  in \  c o n t a i n  a l l  f o u r  t r a n s i t i o n s .
The r a d i a l  i n t e g r a l s  f o r  t h e  P - ^ S  and P—1*D t r a n s i t i o n s  a r e
[ u | s 0 ? )
5 4 l k f ; R )
where 1^ •  0 o r  2. The S - *  P and D - + P  t r a n s i t i o n s  a r e  o b t a i n e d
from t he  P - ^ S  and P ^ D  t r a n s i t i o n s ,  r e s p e c t i v e l y ,  o f  (5*13) by
t h e  p r o c e d u r e  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  (5~12) .
The d ou b l e  i n t e g r a l s  a p p e a r i n g  in (5-11)  and (5-13)  were
e v a l u a t e d  n u m e r i c a l l y  u s i n g  a c om b i n a t i o n  o f  Simpson and s i x  p o i n t
f o r m u la s .  I n t e g r a t i o n  o v e r  t h e  a t o mi c  c o o r d i n a t e  r  was done w i t h
S i m ps on ' s  r u l e  t o  y i e l d  a f u n c t i o n  o f  R a t  e v e r y  o t h e r  g r i d  p o i n t .
The r e ma in in g  i n t e g r a t i o n  o v e r  R was t h e n  done w i t h  t he  s i x  p o i n t
f o r mu la  o v e r  t h e  e n l a r g e d  g r i d .  Numer i ca l  d e r i v a t i v e s  were
c a l c u l a t e d  by means o f  t h e  f i v e  p o i n t  i n t e r p o l a t i o n  p r o c e d u r e .
The r e s u l t i n g  m a t r i x  e l e m e n t s  were  t h e n  s q u a r e d  and s u b s t i t u t e d
i n t o  (2 - 9)  t o  o b t a i n  t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  v a r i o u s  wave-
2
l e n g t h s  and t e m p e r a t u r e s .  I n t e g r a t i o n  o v e r  kj  once  a g a i n  employed
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t h e  s i x  p o i n t  f o r m u la .
V a r i o u s  a n a l y t i c a l  t e s t s  were  used t o  c h e c k  t h e  a c c u r a c y  o f  t he  
c omp u t e r  p rogr ams .  The d i r e c t  t e r ms  were  t e s t e d  by u s i n g  t r i g o n o ­
m e t r i c  f u n c t i o n s  in  p l a c e  o f  t h e  con t i n uu m f u n c t i o n s ,  t h e  r e s u l t i n g  
i n t e g r a l s  h a v i n g  an a n a l y t i c  form.  The n u m e r i c a l  and a n a l y t i c  r e ­
s u l t s  a g r e e d  t o  a t  l e a s t  s i x  f i g u r e s .  S i n c e  a n u m e r i c a l  c o m p u t a t i o n  
o f  Vp i n v o l v e s  i n t e g r a t i o n  o v e r  a t o m i c  c o o r d i n a t e s ,  t h e  b a s i c  idea  
o f  t h e  d o u b l e  i n t e g r a l  p r o c e d u r e  c o u l d  be  s o  t e s t e d .  The n u m e r i c a l  
Vp a g r e e d  t o  f o u r  f i g u r e s  w i t h  t h e  a n a l y t i c  one  f o r  v e r y  s ma l l  
v a l u e s  o f  R and t o  s i x  f i g u r e s  f o r  l a r g e r  R.
VI .  C o m p a r i s o n  w i t h  Many Body P e r t u r b a t i o n  T h e o r y
I t  i s  i n t e r e s t i n g  t o  compare  t h e  p r e s e n t  p r o c e d u r e  f o r  c a l c u l a -
ing  t h e  m a t r i x  e l e m e n t  u s i n g  t h e  p o l a r i z e d  o r b i t a 1. method w i t h  t he
d i a g r a m m a t i c  me thods  o f  many body p e r t u r b a t i o n  t h e o r y  (MBPT). MBPT
32has  a l r e a d y  been  a p p l i e d  t o  s c a t t e r i n g  and p h o t o i o n i z a t i o n  
3 3
p r o b l ems
MBPT y i e l d s  f o u r  d i a g r a m s  which  c o r r e s p o n d  t o  f i r s t  o r d e r  
c o r r e c t i o n s  in  t h e  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n .  These  f o u r  d i a ­
grams a r e  shown in  F i g .  7* The d a s h e d  l i n e s  a s  u s u a l  c o r r e s p o n d  t o  
t h e  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n  V ( i , j ) “ 2 / r . ^ , wavy l i n e s  c o r r e s p o n d  
t o  t h e  d i p o l e  p h o t o n  i n t e r a c t i o n ,  and s o l i d  l i n e s  c o r r e s p o n d  t o  
p a r t i c l e s  when t h e  a r r o w  i s  up and h o l e s  when t h e  a r r o w  i s  down.
7(a)  r e p r e s e n t s  t h e  d i r e c t  t e rm  w i t h  a  f i n a l  s t a t e  c o r r e c t i o n  and 
7(b) i s  t h e  c o r r e s p o n d i n g  e xc ha n ge  t e rm.  7(c)  and 7(d) a r e  t he  
s i m i l a r  t e r ms  w i t h  a n  i n i t i a l  s t a t e  c o r r e c t i o n .  The d i r e c t  d i a g r a m s  
can  be r e l a t e d  t o  p o l a r i z e d  o r b i t a l  t h e o r y ,  and t h e  p r o c e d u r e  f o r  so  
d o i n g  i s  i l l u s t r a t e d  f o r  7(a)*
In a c c o r d  w i t h  t h e  u s u a l  r u l e s ,  t h e  m a t r i x  e l e m e n t  o b t a i n e d  
f rom 7(a)  i s
3 8
* ± 0
nil
(a)
I s /  jn*
k o
1  (*■) -  X  J c t ' r'. lL*«LU) ^  UL.d) ) \ d - \ o t y 3 U*i±) 4 > i \3)
71 ,X  f
V U , J )  U.„t U) <t>£lV
J i .—  ( 6 - 1 )
S s  -  e nJl
The sum i n c l u d e s  co n t i n uu m s t a t e s .  But  f rom p o l a r i z e d  o r b i t a l  
t h e o r y ,  t h e  p e r t u r b a t i o n  x ( 1 ; 3 )  i s  g i v e n  by
* t t t r  is~ J
(6-2)
Usi ng  (6*2)  i n  ( 6 - 1 )  t h e n  g i v e s
7 M  =  * ) * * • « >  T>^u.e u ) ^ ( 3 )
W j b ^  l u , U > + £ ( * j )  ( 6 - 3 )
But  (6*3)  i s  one  o f  t h e  t e rm s  i n c l u d e d  i n  ( 5 ~ l ) - From ( 6 - 1 )  i t  i s
s e e n  t h a t  -6*1 due  t o  t he  a p p e a r a n c e  o f  t h e  d i p o l e  o p e r a t o r .
I t  has  n o t  been  p o s s i b l e  t o  d i r e c t l y  r e l a t e  t h e  e xc ha n ge
d i a g r a m s  t o  t h e  e x c h a n g e  m a t r i x  e l e m e n t s  o b t a i n e d  in  C h a p t e r  V.
T h i s  seem s t o  be a u s u a l  o c c u r r e n c e  f o r  c a l c u l a t i o n s  in  p o l a r i z e d
27o r b i t a l  t h e o r y  and has  been  o b s e r v e d  i n  s i m i l a r  c a l c u l a t i o n s .
C a l l aw a y  has  shown t h a t  seco n d  o r d e r  c o r r e c t i o n s  i n c l u d e d  
h e r e  t h r o u g h  use  o f  t h e  p o l a r i z a t i o n  p o t e n t i a l  i n  ( 2 . 5 )  c an  be
Ma c c o u n t e d  f o r  by MBPT. They a r i s e  f rom d i a g r a m s  shown in  F i g .  8. 
T h e se  a r e  n o t  t h e  o n l y  s econd  o r d e r  t e r m s ;  however  t h e y  a r e  p r o b a b l y  
t h e  most  i m p o r t a n t .
hz
o<
VI I .  R e s u l t s  a n d  C o n c l u s i o n s
The t o t a l  a b s o r p t i o n  c o e f f i c i e n t  due  t o  S*-*P and P«-> D t r a n ­
s i t i o n s  f o r  v a r i o u s  t e m p e r a t u r e s  ( t h e  p a r a m e t e r  0 = 5040/T) and 
w a v e l e n g t h s  i s  g i v e n  f o r  b o t h  d i p o l e  l e n g t h  and d i p o l e  v e l o c i t y  
f o r m u l a t i o n s  in  T a b le  I .  I t  i s  s e e n  t h a t  t h e  a g re e m e n t  be tween 
l e n g t h  and v e l o c i t y  fo rm s  i s  e x t r e m e l y  good in  t h e  long w a v e le n g th  
r e g i o n  w here  f r e e - f r e e  a b s o r p t i o n  d o m in a t e s  b o u n d - f r e e  a b s o r p t i o n .
As t h e  w a v e l e n g t h  d e c r e a s e s ,  t h e  d i f f e r e n c e  be tw een  l e n g t h  and
v e l o c i t y  g e n e r a l l y  i n c r e a s e s  r e a c h i n g  a maximum o f  a b o u t  5. 5%-
21T h i s  can  be c o n t r a s t e d  w i t h  t h e  r e s u l t s  o f  Doughty and F r a s e r  
where  t h e  d i f f e r e n c e  r e a c h e s  a b o u t  10%. A l s o  t h e  p r e s e n t  l e n g t h  
r e s u l t s  a r e  l a r g e r  t h a n  t h o s e  u s i n g  t h e  v e l o c i t y  o p e r a t o r  w h e rea s  
t h e  v e l o c i t y  r e s u l t s  o f  Doughty and F r a s e r  a r e  l a r g e r  t h a n  t h o s e  
w i t h  t h e  l e n g t h  o p e r a t o r .  F o r  b o th  l e n g t h  and v e l o c i t y ,  however ,  
t h e  p r e s e n t  v a l u e s  a r e  g e n e r a l l y  lower  t h a n  t h o s e  o f  Doughty and 
F r a s e r .  G e l t m a n ^  h as  n o t  g i v e n  v e l o c i t y  r e s u l t s  so t h a t  a
22c o m p a r i so n  w i t h  h i s  l e n g t h  r e s u l t s  c a n n o t  be made, and John  used  
a s i m p l i f i e d  a p p r o x i m a t i o n  in  w h ich  l e n g t h  and v e l o c i t y  a r e  i d e n t i c a l .  
The r a t i o  o f  l e n g t h  t o  v e l o c i t y  r e s u l t s  f o r  t h i s  c a l c u l a t i o n  i s  
shown in  F ig .  9* The r a t i o  i s  p l o t t e d  a g a i n s t  w a v e l e n g t h  a t  th e  
s o l a r  t e m p e r a t u r e .
2
In t h e  i m p o r t a n t  long  w a v e l e n g t h  r e g i o n  (0<A k 06) t h e  
p r e s e n t  r e s u l t s  a r e  g e n e r a l l y  low er  t h a n  t h o s e  o f  Doughty and F r a s e r
4 3
T a b l e  1.  T p t a l  f r e e - f r e e  a b s o r p t i o n  c o e f f i c i e n t  i n  u n i t  o f  10 ^  c m * ‘d y n e  The  number  i n
parentheses is t h e  power o f  10 b y  w h i c h  t h e  c o r r e s p o n d i n < j  t a b l e  e n t r y  s h o u l d  be 
Multiplied,
« ■ 0 . 5 9 « 0 . 6 6 = .7 8 -  .8
AkJ 1(X) LEN VEL LEN VEL LEN VEL LEN VEL
.01 91130 2 . 7 5 ( 1 ) 2 . 7 5 ( 1 ) 3 . 2 9 ( 1 ) 3 . 2 9  (1 1 3 . 8 0  (1] 3 . 7 9  (1) 4 . 2 8  (1) 4 . 2 8 ( 1 )
.0 1 45560 6 . 9 2 6 . 9 0 8 . 2 7 8 . 2 5 9 .5 6 9 . 5 3 1 . 08  (1) 1 . 0 7 ( 1 )
. 03 30380 3 . 10 3 . 08 3 . 71 3 . 6 9 4 . 2 9 4 . 2 6 4 . 8 4 4 . 8 0
. 04 22780 1 . 7 7 1 . 74 2 . 1 1 2 . 0 9 2 .44 2 . 4 1 2 . 7 5 2 . 7 2
. 05 18230 1 . 1 4 1 . 1 2 1 . 3 6 1 . 3 5 1 . 5 8 1 . 55 1 ,7B 1 , 7 5
.06 13190 7 . 9 3 ( - 1 7 . 0 5  4-1) 9 . 5 8  ( -1 9 . 4 1 1 - 1 ) 1 . 11 1 . 0 9 1 .2 5 1 .23
.07 13020 5 . 9 2 [ - 1 5 . 0 1 4 - 1 ) 7 . 1 1 1 - 1 6 . 9 6  ( -1 ) 8 . 2 4 ( - 1 ) 8 . 0 5 ( - 1 ) 9 .31 1-1 9 , 0 8 ( - 1 )
.08 11390 4 . 5 8  ( -1 4 . 4 8  ( -1 ) 5 . 5 0  ( -1 5 . 3 6  ( -1 ) 6 . 3 7  ( -1 ) 6 . 2 0  1-1) 7 .2 1 1 - 1 7 . 0 0  ( -1 )
. 0 9 10130 3 . 6 5  ( -1 3 . 5 6  ( - 1 ) 4 . 3 9 1 - 1 4 . 2 6  ( -1 ) 5 . 0 9 1 - 1 ) 4 , 9 3  ( - 1 ) 5 . 7 5  f-L 5 , 5 7 ( - 1 )
.1 0 9113 2 . 9 8  ( -1 2 . 9 0 ( - 1 ) 3 . 5 9 1 - 1 3 . 4 7 ( - 1 ) 4 . 1 6  ( -1 ) 4 .02  ( - 1 ) 4 .70  1-1 4 . 5 4  ( -1 )
.1 2 7594 2 . 1 0 ( - 1 2 . 0 3 1 - 1 ) 2 . 5 3  ( - 1 2 . 4 4 ( - 1 ) 2 .93 ( -1 ) 2 . 8 2  1-1) 3 . 3 2  1-1 3 , 1 9  1-1)
. 14 6509 1 . 5 6  (-1 1 . 5 0 ( - 1 ) 1 . 8 8  (-1 1 . 8 1 1 - 1 ) 2 . 1 8  1-1) 2 . 0 9 ( - 1 ) 2 4 7 ( - 1 2 . 3 7 ( - 1 )
. 16 5695 1 .2 1  ( -1 1 . 1 6 ( - 1 ) 1 . 4 5  ( -1 1 . 3 9  4-1) 1 . 6 9  1-1) 1 . 6 1 ( - 1 ) 1 . 9 2  1-1 1 83 1-1)
.18 5063 9 . 5 9 ( - 3 9 . 2 0 ( - 2 ) 1 . 1 6  ( -1 l . l l ( - l ) 1 . 3 5  1-1) 1 . 2 9 ( - l ) 1 , 5 3 1 - 1 1 . 4 6  1-1)
.2 0 4556 7 . 0 0 4 - 3 7 . 4 8 ( - 2 ) 9 . 4 1 ( - 2 9 . 0 0 ( - 2 ) 1 . 1 0  ( -1 ) 1 . 051 -1 ) 1 . 2 5 ( - 1 1 . 1 9  1-1)
.30 1038 3 . 4 4  ( -2 3 . 3 4 1 - 2 ) 4 . 1 0 ( - 2 4 . 0 5 1 - 2 ) 4 . 9 1 ( - 2 ) 4 . 7 6  ( -2 ) 5 , 6 5  1-2 5 . 4 7  1-2)
-P~
-tr
i
a k 2 * ( £ )
s . . 9 « -  1 . 0 8 x 1 , 1 9 = 1 2
LEN VEL LEN VEL LEN VEL LEN VEL
. 01 91130 4 . 7 5 ( 1 ) 4 . 7 4 ( 1 ) 5 . 1 9 ( 1 ) 5 . 1 9 ( 1 ) 5 . 6 2  (1) 5 . 6 2  ( 1 ) 6 , 0 4 ( 1 ) 6 0 3 ' 1 )
. 02 45560 1 . 1 9 ( 1 ) 1 . 1 9 ( 1 ) 1 . 3 1 ( 1 ) 1 . 3 0  (1) 1 . 4 2 ( 1 ) 1 . 4 1 ( 1 ) 1 5 2 ( 1 ) 1 51 ' ! )
. 03 30380 5 . 3 7 5 . 3 2 5 .8 7 5 . 8 2 6 . 3 6 6 . 3 0 6 . S 3 6 77
. 04 22780 3 . 0 5 3 . 0 2 3 . 3 4 3 . 3 0 3 . 6 2 3 .5 7 3 8 9 3 3 3
. 05 1B230 1 . 9 8 1 . 9 4 2 . 1 7 2 . 1 3 2 , 3 4 2 ,30 2 . 5 2 2 4 ■
. 0 6 15190 1 . 3 9 1 . 3 6 1 . 5 2 1 . 4 9 1 . 6 5 1 .61 1 . 7 7 J. 73
. 07 13020 1 . 0 3 1 . 0 1 1 . 1 3 1 . 1 0 1 .2 3 1 . 19 1 . 3 2 1 29
. 0 8 11390 8 . 0 0  ( -1 J 7 . 76 ( - 1 J B. 7 6 ( - 1 B . 4 9 1 - 1 ) 9 . 4 9 ( - 1 ) 9 . 20 ( - 1 ) 1 , 0 2 a 37 ■ -1 )
. 0 9 10130 6 . 3 9  ( - I ) 6 . 1 8 1 - 1 ) 7 .0 0 ( - 1 6 ,7 6 ( - 1 ) 7 . 5 8 (  - 1) 7 . 3 3  ( - 1 ) 8 . 1 5  1-1 - ?'■-:)
. 10 9113 5 ,2 2 ( - 1 ) 5 . 0 4  ( - 1 ) 5 . 7 3 1 - 1 5 . 5 2 ( - 1 ) 6 . 2 1  ( -  1) 5 . 9 8 ( - 1 ) 6 . 6 3  1 6 4 • ' - '. )
. 1 2 7594 3 . 6 9 1 - 1 ) 3 . 5 6 1 - 1 ) 4 . 0 6  ( -1 3 . B 9 1 - 1 ) 4 . 4 1 1 - 1 ) 4 . 2 3 ( - 1 ) 4 . 7 5 ( - l 4 55 ■ -1)
. 14 6509 2 . 7 6  ( - 1 ) 2 . 6 4 (  - 1 j 3 . 0 3 1 - 1 2 .  9 0 ( - 1 ) 3 . 3 1  ( - 1 ) 3 . 16 ( - 1 ) 3 . 5 7 ( - 1 3 41 - I t
. 1 6 5695 2 . 1 4 1 - 1 ) 2 . 0 4 ( - 1 ) 2 . 3 6 ( - 1 2 . 2 5 1 - 1 ) 2 .  5 8 ( - 1 ) 2 . 4 6  ( - 1 ) 2 . S 0 ! - 1 : 66 , - I t
. 1 8 5063 1 . 7 2 ( - 1 ) 1 . 6 3 ( - 1 ) 1 . 9 0 ( - 1 1 . 8 0 1 - 1 ) 2 . 0 8 1 - 1 ) 1 . 9 7  ( - 1 ) 2 2 5 i - 1 2 1 4 . - 1 )
. 2 0 4556 1 . 4 0  ( - 1 ) 1 . 3 4 1 - 1 ) 1 . 5 6 1 - 1 1 . 48  ( - 1 ) 1 . 7 1 1 - 1 ) 1 6 2 [ -1) 1 . 0 6  ( -1 1 ~6 ■ -1 )
. 30 3038 6 . 3 9 1 - 2 ) 6 . 1 9 1 - 2 ) 7 . 1 3 1 - 2 6 . 9 1  1-2) 7 . 8 7  ( - 2 ) 7 . 6 3 ( - 2 ) 8 . 6 2  ( - 2 s 3 5 ■ -  2 '
X-\Ti
k 2
0
(A)
8 -  1 . 3 9 = 1 .4 8 = 1 . 5 0 = 1 6
LEN VEL LEN VEL LEN VEL LE\ VEL
. 01 91130 6 . 4 5  (1) 6 . 4 4  (1) 6 . 8 4  (1) 6 . 8 3 ( 1 ) 7 . 2 3 ( 1 ) 7 . 2 2 ( 1 ) 7 , 60  ' 1) 7 59 ■ 1 '
. 0 2 45560 1 . 6 2 ( 1 ) 1 .6 1  (1) 1 . 7 2 ( 1 ) 1 . 7 1  (1) 1 . 8 2  (1) 1 . 8 1  (ly 1 . 9 1 ) 1 ) 1 9 0 ’ 1 )
. 03 30380 7 . 2 8 7 . 2 1 7 . 7 2 7 . 6 4 8 . 1 4 8 . 0 6 8 . 5 5 8 46
.04 227B0 4 . 1 4 4 . 0 8 4 . 3 9 4 . 32 4 , 6 3 4 . 5 6 4 .06 4 - "E
.05 18230 2 . 6 6 2 .6 3 2 . 8 4 2 . 7 8
oo
2 . 9 3 . 1 5 3 . 08
. 0 6 15190 1 . 8 9 1 . 8 3 2 . 0 0 1 . 9 5 2 . 1 1 2 . 0 5 2 . 2 1 2 16
.07 13020 1 . 4 0 1 . 3 6 1 . 4 9 1 . 4 4 1 . 5 7 1 . 5 2 1 . 6 5 1 .60
. 0 8 11390 1 . 0 9 1 . 0 5 1 . 1 5 1 . 1 2 1 . 2 2 1 . 1 8 1 .2 8 1 24
.0 9 10130 a . 7 1 t -L t 8 . 4 0  (-11 9 . 2 5 { - l ) 8 . 9 2 ( -  1) 9 . 7 7  ( -1 9 . 42 ( -1> 1 . 0 3 9 92
.10 9113 7 . 1 5  ( -1 ) 6 . 8 8  ( -1 ) 7 . 6 0 ( - 1 ) 7 . 3 1  ( - 1 ) 8 . 0 4  (- 1 7 . 7 3  1-1) 8 . 4 7 ' - 1 ) S .14 - : 1
.12 7594 5 . 0 9 ( - l ) 4 . 3 8 ( - 1 ) 5 . 4 3 ( - 1 ) S . 20 ( - 1 ) 5 . 7 6  ( - 1 5 . 5 1  ( 1) 6 . 0 8  ' - 1  > e. . 8 2 '  - 1 '
. 14 6509 3 . 8 4 ( - 1 ) 3 . 6 6  l - l ) 4 . 1 0 ( - 1 ) 3 . 9 1  ( -1 ) 4 . 3 6  ( -1 4 . 16 (- 1) 4 . 6 2 ' -1 i 4 < ** ’ -
. 16 5695 3 . 0 1  ( -1 ) 2 . 8 6 < - l ) 3 . 22 ( - 1 ) 3 . 0 6  ( - 1 ) 3 . 4 3 ( - 1 3 . 2 6 ( *  1) 3 . 6 4 \ -1 ) 46
.18 5063 2 . 4 3  ( -1 ) 2 . 3 1  ( - 1 ) 2 .6 1  ( -1 ) 2 . 48  ( - 1 ) 2 . 7 8 1 - 1 2 . 6 4  1-1) 2 . 0 6  i 1 . i. . 81  - 1
.20 4556 2 . 0 1  ( -1 ) 1 . 9 K - 1 ) 2 . 1 6 ( - 1 ) 2.  05 ( - 1 ) 2 . 3 1 ( - 1 2 . 1 9 ( - 1 ) 2 , 4 5 . - 1  ! 1 i :  - :
. 30 3038 9 . 3 6 ( - 2 ) 9 . 0 8  ( - 2 ) 1 . 0 1 [ - 1 ) 9 . 8 0  1-2) 1 . 08 ( -1 1 .  7 5 ( - l ) i . 16 i - 1  ' . i :  - .  ■
*
o
(A)
S = 1 .7  
LEN VEL
.01 91130 7 . 9 7  [1) 7 . 9 5 ( 1 )
.02 15560 2. 0 0 ( 1 ) 1 . 9 9 ( 1 )
. 0 3 30300 8 . 9 5 8 . 8 5
.01 22780 5 .08 5.  00
.05 1S230 3 29 3 . 2 2
.06 15190 2 . 3 2 2 26
. 07 13020 1 . 7 3 1 .67
.03 11390 1 .  34 1 .30
.09 10130 1 .08 1 .04
.10 9113 8 . 90  (- 1) 8 - 5 5  ( -1
.12 7594 6 .40 f- 1 J 6. 1 2 1
. 14 6509 4 . 8 7  (- 1) 1 . 6 4 < - 1
. 16 5695 3 . 8 5  !- 1] 3 , 66 l 1
. 1 3 5063 3 . 1 3  1-1) 2 .97 < - 1
.20 4556 2 . 6 0  ( - 1 ) 2 .46 1  i
. 3 0 3033 1 . 2 3 1 - 1 ) 1. 201-  1
8  ST 1 .
LEN v r L Li ­
8 3 2 ( 1 ! fi > : < 1 ) 8 ft 7
2 0 9 ( 1 ) 2 0 7 ' 1 ) 2 15
9 33 9 2 1 9 71
5 30 5 21 5 51
3 4 3 3 3 6 3 J /
2 4 2 2 35 2 31
1 8 0 1 75 1
1 40 1 3 6 1 4'
1 1 3 1 i l 2
9 32  ( - 1 ) - 9 5 ( -  1 ) -  7
6 7 2  ( - 1 ) 6 ■? ( - 1  ) - r, )
5 . 1 2  ( - 1 ) 4 Rft 1 - l i 5 ■j —
4 0 6  ( - 1 ) 3 8 5 ( - 1  i 4 26
3 3 0 ( - 1 ) 3 13 ( - 1  ) j
2 7 5 ( -  1) 2 ( - 1  ) 2 a a
A 3 0  1 - 1 ) 1 2 “ 1 - 1 ) 1 3 3
0 = 1.')
; 1;
■'.'A.
3 . 0 0  ■ i )
2 . . .  2 " L )1 2 . 2 4  ■: j
9 5 9 . . . . ..  1 . 1 9 . 9 5
5 4 1 ■J - ■ . 5 . 6  1
3 4 9 3 - 3 . 6 1
2 , 4 4 2  . 6 1 2 34
1 . R2 1 4 5 1 . 8 9
1 . 4 1 1 5 2 1 4 7
1 1 3 1 2 3 ; ; p
o . 3 5 ■ - i  ) : c : <4 * 4 -  1 i
t . 7 ) i - ; ) '  . 1 4 1 - :
5 . 1 2  i -  1 i 5 . 6 1 .  -; 5 3 3 -  ] 1
4 . 0 5  ( - 1  ! 4 . 4 . ' 4 2 4 ! -  1 '
3 . 2 9 , : - ] ! 3 6  4 -  1 3 . 4 5 - 1 !
2 . 7 4  ( - 1  ] 1 . o 5 , - ; 2 . 8 '  i ■ 1'
1 . 34  ( - 1  ! ’ . 4 5 . - 1 1 . 4 1  ■ 1 '
S '
e  =0 .8 (6300  K)1.05
1.00
.s
-  y<
0.95
j _______ i__________ i_________ i_________i_________ i_________ i_________I--------------1—
5 10 15 20  25 30 35  40  45
X(I000 A)
F i g .  9
4 9
and G e l t m a n ^  a l t h o u g h  th e y  a r e  somewhat h i g h e r  a t  v e r y  long wave­
l e n g t h s .  In a l l  o f  t h e s e  c a s e s ,  how ever ,  t h e  a g re em e n t  is  f a i r l y  
c l o s e ,  r e a c h i n g  a maximum d i f f e r e n c e  in  t h e  r e g i o n  , 0 1 - A k  06 o f
ro u g h ly  20% f o r  t h e  v e l o c i t y  r e s u l t s  o f  Doughty and F r a s e r .  The 
c o m p a r i s o n  i s  c o n s i d e r a b l y  b e t t e r  when t h e  l e n g t h  r e s u l t s  a r e  used .  
The s m a l l e r  v a l u e s  o b s e r v e d  h e r e  seem t o  be in  l i r . e  w i t h  t h e  reduced  
v a l u e s  in  g o in g  from th e  l s - 2 s  t o  t h e  l s - 2 s - 2 p  a p p r o x i m a t i o n  o f  
Doughty and F r a s e r .  G e l t m a n ' s  r e s u l t s  t end  to  l i e  womewhat be tw een  
t h o s e  o f  Doughty and F r a s e r  and  t h e  p r e s e n t  o n e s .  F o r  s h o r t  wave­
l e n g t h s  t h e  d i f f e r e n c e  be tw een  t h e s e  r e s u l t s  and t h o s e  o f  Doughty 
and  F r a s e r  jumps up t o  a b o u t  40%. The l e n g t h  r e s u l t s  o f  t h e  p r e s e n t  
c a l c u l a t i o n  a r e  g i v e n  in  F i g .  10 a t  t h e  s o l a r  t e m p e r a t u r e .  The 
r a t i o  o f  G e l t m a n ' s  r e s u l t s  t o  t h e  p r e s e n t  l e n g t h  r e s u l t s  (G) and  o f  
Doughty and  F r a s e r ' s  l e n g t h  r e s u l t s  t o  t h e  p r e s e n t  l e n g t h  r e s u l t s
(DF) a r e  g i v e n  in F i g .  11 a t  t h e  s o l a r  t e m p e r a t u r e .  The p r e s e n t
22r e s u l t s  a g r e e  more c l o s e l y  w i t h  t h o s e  o f  John  ; how ever ,  t h i s  must 
be c o n s i d e r e d  a c c i d e n t a l  in  l i g h t  o f  t h e  r a t h e r  g r o s s  a p p r o x i m a t i o n  
employed by Jo h n .  The d i f f e r e n c e s  be tw een  t h e  p r e s e n t  r e s u l t s  and 
t h o s e  o f  Gel tman and Doughty and F r a s e r  a p p e a r  t o  be c o n s i s t e n t  
w i t h  t h e  v a l u e s  o f  t h e  s c a t t e r i n g  p h a s e  s h i f t s  o b t a i n e d  in  C h a p t e r  
IV.
In T a b l e  2 t h e  c o n t r i b u t i o n s  from v a r i o u s  s p i n s  and t r a n s i t i o n s  
f o r  a r a t h e r  t y p i c a l  w a v e l e n g t h  (9113^) a r e  s e p a r a t e d .  The 1 / 4 ; 3 / 4  
sum r u l e  has  a l r e a d y  been  i n c l u d e d  s o  t h a t  t h e  t r i p l e t  c o n t r i b u t i o n  
i s  w e i g h t e d  t h r e e  t i m e s  more  h e a v i l y  t h a n  t h e  s i n g l e t .  I t  i s  
o b s e r v e d  t h a t  t h e  s i n g l e t  c o n t r i b u t i o n  f ro m  h i g h e r  t r a n s i t i o n s  i s
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T a b l e  2 .  C o n t r i b u t i o n s  t o  a b s o r p t i o n  c o e f f i c i e n t  f o r  v a r i o u s  s p i n s  a n d  t r a n s i t i o n s  
a t  A k 2 -  . 1 0  ( 1 - 9 1 1 3  Si> . U n i t s  a r e  1 0 _ 2 f i  c m ^ - d y n e ' 1 . fi = 1'
AED i 5 - 2 & ~ 2 p  1 Rt? f ? l )
« S V L f LEN VLL LIN VEL
. 5 0 s*p . OH 4 4 . 0 0 7 2 . 0 0 7 4 , 0 9 i 6
0 P^S . 0 1 rj 6 0143 . 0 1 4 7 , 0 1 1 1
1 S*P a 1364 . 1240 . 1 3 4 9 . 142ft
1 F*S * 0 4 1 3 . 0 4 4 0 , 0 4 3 1 . 04 4 3
S u b t o t a l «290 2 . 2 6 9 5 . 2002 . 2 9 1 0
0 P"*D , 0 0 0 0 , 0 0 0 0 . 0 0 0 2 , 0 0 0 5
0 D*P . 0 0 0 0 00 0 0 . 0 00  1 . onrio
1 P*D . 0 1 2 6 , 0 1  57 . 006S . o n 5 4
1 D*P , 0046 . 0 0 2 h . 0 fj ! *,
S u b t o t a l . 0 1 0 1 . 0 2 0 3 . 0 0 0  0 . 0 0 9  5
T o t a l * 290 3 . 2 0 9 8 . 2900 . 3 0 1  1
1 . 0 0 S*P . 2 2 4 7 . 2 3 1 5 . 2 4 0 0 . 2566
0 P ‘ 5 , 0 2 4 3 . 0 2 2 4 . 0 2  10 . Ol f t f t
1 s+p . 2 6 2 0 , 2 1 0 7 . 2 5 6 5 . 2 0 2  1
1 p * s . 0 4 7 3 , 049f t . 0 5 0 7 , 0 5  10
S u b t o t a l *5503 , 5 3 4 4 . 5 7 0 9 , 610f t
0 P*D a 0 00 0 . 0 0 0 0 . 0 0 0 2 , 0 0 0 5
0 D * P . oo o o 00 0 0 . o o n o . 0 0 0 0
1 p * o , 0 1 0 5 , 0 1 4 1 , 0 0 5 4 . 0032
1 D^P , 0 0  38 . 0 0 3 1 , 0 0 ?f l . 0 5 2 7
S u b t o t a l . 0 1 4 3 . 0 1 7 4 . 0 0 7 4 . 0 0 6 5
T o t a l , 5 7 2 6 . 5 5 1 0 . 5 7 8 1 . 6 1 7 2
2 . 0 0 S*P , 4 8 0 3 , 5 0 2 9 . 5544 , 5 97 9
0 P"* s , 0 2 9 7 . 0 2 7 4 . 0 2 8 0 , 0 2 1 8
1 f r *p . 4 4 2 4 , 3 0 4 7 , 4464 . 5006
1 P ^ S , 0 4 3 9 , 0 4 6 2 , 0 4 0 6 . 0 5 2 5
S u b t o t a l 1 * 0 0 4 3 . 9 6 1 2 1 . 0 7 7 3 1 . 1 802
0 P * D * 0 0 0 0 * 0 0 0 0 . 0 0 0 1 *0004
0 D+ P . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0
1 p + D . 0 0 7 3 . 0 1 1 1 , 0 0 3 5 . 0 0 1 4
1 D+ P * 0 0 2 0 *0016 . 0 0 1 0 . 0 0 1 5
S u b t o t a l *0093 , 0 1 2 7 , 0 0 4 6 , 0 0 3 3
T o t a l 1 * 0 1 3 6 * 9 7 3 9 1 , 0 0 1 9 1 , 1 6 3 5
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v i r t u a l l y  n o n - e x i s t e n t .  The c a u s e  f o r  su ch  a d r a s t i c  d i f f e r e n c e
be tw een  s i n g l e t  and t r i p l e t  P«-* D c o n t r i b u t i o n s  has  been i n v e s t i g a t e d
t o  some e x t e n t  and has  been  found  t o  be m i r r o r e d  by t h e  p h ase  s h i f t s ;
i . e . ,  t h e  a s y m p t o t i c  c o n t r i b u t i o n  shows t h e  same b e h a v i o r .  From
T a b le  2 t h e  P*-* D t r a n s i t i o n s  a r e  s e e n  t o  c o n t r i b u t e  a p p r o x i m a t e l y
6% t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  a t  0 = . 5 w i t h  a c o n s i d e r a b l e
r e d u c t i o n  as  0  i n c r e a s e s .  The P*-* D c o n t r i b u t i o n  i n c r e a s e s  s lo w ly
w i t h  w a v e l e n g t h  r e a c h i n g  a p p r o x i m a t e l y  10%.
Some a u t h o r s  have  employed  a s y m p t o t i c  f o r m s ,  e . g .  , Ohmura and
Ohmura, o v e r  a l l  s p a c e  t o  o b t a i n  t h e  m a t r i x  e l e m e n t s .
Ohmura and  Ohmura use  t h e  a s y m p t o t i c  fo rm ( 4 - 8 )  f o r  t h e  S wave and
t h e  P wave p a r t  o f  a p l a n e  wave (6 j  B 0 in  ( 4 - 8 ) )  f o r  t h e  P wave t o
o b t a i n  t h e  $-*P c o n t r i b u t i o n  o f  t h e  m a t r i x  e l e m e n t .  They c o n s i d e r
17o n l y  S^P t r a n s i t i o n s .  As p o i n t e d  o u t  by G e l tm an ,  c a r e  must  be
t a k e n  n o t  t o  a p p l y  su ch  methods  beyond t h e i r  r a n g e  o f  v a l i d i t y .
The i n t e g r a n d s  a r e  c o n v e r g e n t  a t  t h e  o r i g i n  o n l y  f o r  S-*P and P-*S
t r a n s i t i o n s  in t h e  l e n g t h  f o r m u l a t i o n  and  o n l y  f o r  P—S t r a n s i t i o n s
in  t h e  v e l o c i t y  form. The p o s s i b i l i t y  o f  c u t t i n g  o f f  t h e  d i v e r g e n t
i n t e g r a l s  a t  some s m a l l  v a l u e  o f  r ,  s ay  r  , has  been  i n v e s t i g a t e d ;
how ever ,  t h e  i n t e g r a l s  o s c i l l a t e  v e r y  r a p i d l y  w i t h  rQ making t h e
d e t e r m i n a t i o n  o f  r e x t r e m e l y  u n r e l i a b l e .  Those  t r a n s i t i o n s  whicho
a r e  c o n v e r g e n t ,  on  t h e  o t h e r  h an d ,  a r e  c a p a b l e  o f  r e p r o d u c i n g  t h e  
" e x a c t "  r e s u l t s  t o  w i t h i n  10%.
One o f  t h e  p u r p o s e s  o f  t h i s  work  was t o  a s s e s s  t h e  im p o r t a n c e  
o f  e x p l i c i t l y  i n c l u d i n g  a t o m i c  d i s t o r t i o n .  A t  a  r a t h e r  t y p i c a l  
w a v e l e n g t h  o f  9113 £  k^ was c a l c u l a t e d  w i t h  a l l  t e rm s  i n c l u d i n g  t h e
c
p e r t u r b a t i o n  \  d e l e t e d .  The AED s c a t t e r i n g  f u n c t i o n s  and 
c o r r e s p o n d i n g  p h a s e s  6 ^ ( k) were  s t i l l  u sed .  The v e l o c i t y  r e s u l t s  
were  most  a f f e c t e d  b e in g  r ed u ced  by a b o u t  6% w h i l e  t h e  l e n g t h  r e s u l t s  
were  r e d u c e d  o n ly  v e r y  s l i g h t l y  (on th e  o r d e r  of  1%). For th e  
l o n g e r  w a v e l e n g t h s  t h e  r e s u l t s  w ere  even  c l o s e r  t o  the  " e x a c t "  ones  
w h i l e  t h e  d i f f e r e n c e s  became l a r g e r  a t  t h e  s h o r t e r  w a v e l e n g t h s  
(12 .5% f o r  v e l o c i t y  and  5% f o r  l e n g t h ) .  R e c a l l i n g  from S e c t i o n  II  B 
t h a t  t h e  l e n g t h  m a t r i x  e l e m e n t  c o n t a i n e d  X i n b o th  d i r e c t  and 
e x ch a n g e  te rm s  w h e re a s  t h e  v e l o c i t y  m a t r i x  e l e m e n t  c o n t a i n e d  X on ly  
in  t h e  ex ch a n g e  t e r m s ,  i t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  v a r i o u s  
t e rm s  c o n t a i n i n g  \  t e n d  t o  s u b t r a c t  o u t  in  t h e  l e n g t h  form. 
F u r t h e r m o r e ,  t h e  l e n g t h  fo rm  e m p h a s i z e s  t h e  c o n t r i b u t i o n  from th e  
wave f u n c t i o n  a t  l a r g e  r a d i a l  d i s t a n c e s  w h e rea s  t h e  v e l o c i t y  form 
e m p h a s i z e s  t h e  b e h a v i o r  a t  s m a l l e r  r a d i a l  d i s t a n c e s .  Thus n e g l e c t  
o f  X *s e x p e c t e d  t o  a f f e c t  v e l o c i t y  r e s u l t s  more t h a n  l e n g t h  r e s u l t s .  
I t  i s  c o n c lu d e d  t h a t  t h e  r e s u l t i n g  s i m p l i f i c a t i o n  in  t h e  m a t r i x  
e l e m e n t s  and t h e  s m a l l  e r r o r  i n c u r r e d  a t  long  w a v e l e n g t h s  makes 
i n c l u s i o n  o f  X u n n e c e s s a r y  f o r  a s t r o p h y s i c a l  c a l c u l a t i o n s .  i t  i s  
recommended t h a t  t h e  l e n g t h  f o r m u l a t i o n  be used  in  s u ch  a c a l c u l a t i o n  
d ue  t o  t h e  e x p e c t e d  l e s s e r  e f f e c t  i n  n e g l e c t i n g  x *n t h e  l e n g t h  
f o r m u l a t i o n  ( t h i s  l e s s e r  e f f e c t  in d e ed  b e i n g  o b s e r v e d ) .
F i n a l l y  an  a t t e m p t  has  been  made t o  r e l a t e  t h e  p r e s e n t  r e s u l t s
17 21a l o n g  w i t h  t h o s e  o f  G e l tm an  and Doughty and F r a s e r  t o  o b s e r v a -
0
t i o n .  The o b s e r v a t i o n s  c i t e d  a r e  t h o s e  o f  C halonge  and K o u rg a n o f f  ; 
t h e y  o b s e r v e d  t h e  o p t i c a l  d e p t h  o f  t h e  sun  a s  a  f u n c t i o n  o f  tem­
p e r a t u r e .  I s  d e f i n e d  a s  ( A l l e r ^ )
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w here  /) i s  t h e  d e n s i t y  o f  t h e  s t e l l a r  m a t e r i a l  in  g. cm kj^ i s  t h e
a b s o r p t i o n  c o e f f i c i e n t  p e r  gram, and x i s  t h e  l i n e a r  d e p t h  in  t h e  
medium. The v a r i a t i o n  o f  w i t h  t e m p e r a t u r e  i s  g i v e n  by C ha longe  
and K o u rg a n o f f  a s
from  t h e i r  o b s e r v a t i o n s  o f  t h e  r e s u l t  i s  0 . 2 2 .  U s ing  t h e
d e n s i t y  and t e m p e r a t u r e  w i t h  d e p t h  a s  g i v e n  by C h a lo n g e  and 
K o u rg a n o f f  g i v e s  t h e  v a l u e  o f  dT^ a s  0 . 2 0 .  The r e s u l t s  o f  Doughty 
and F r a s e r  g i v e  0 .2 1  w h i l e  t h e  r e s u l t s  o f  Gel tman g i v e  0 . 2 2 .  A l l  
t h r e e  o f  t h e  c a l c u l a t i o n s  a r e  i n  good a g r e e m e n t  w i t h  o b s e r v a t i o n ,  
and  t h e  e x p e r i m e n t a l  a c c u r a c y  i s  p r o b a b l y  n o t  s u c h  a s  t o  be a b l e  t o  
d i s t i n g u i s h  one  from t h e  o t h e r .
( t  i s  o f  some i n t e r e s t  t o  compare t h e  p r e s e n t  r e s u l t s  w i t h  t h e  
s t a t i c  e x c h a n g e  (SE) r e s u l t s  o f  Doughty and  F r a s e r ^  and J o h n . ^  
T h i s  c o m p a r i s o n  g i v e s  one  some i n s i g h t  i n t o  t h e  im p o r t a n c e  o f  
p o l a r i z a t i o n  e f f e c t s  compared t o  e x ch a n g e  e f f e c t s .  A t  a f i x e d  
w a v e l e n g t h  o f  9113& t h e  s t a t i c  ex ch an g e  r e s u l t s  a r e  lower  t h a n  t h e  
AED r e s u l t s  by 2% t o  7%» t h e  c l o s e r  a g re e m e n t  o c c u r r i n g  a t  low er  
t e m p e r a t u r e s .  F o r  a f i x e d  t e m p e r a t u r e  o f  6300” K, t h e  d i f f e r e n c e
(7 - 1 )
C h a lo n g e  and  K o u rg a n o f f  have  c a l c u l a t e d  d r ^  a t  16550 & and 6500°K
p r e s e n t  v a l u e  o f  k. in e q u a t i o n  ( 7 “ l )  t o g e t h e r  w i t h  t h e  v a r i a t i o n  o f
v a r i e s  from a b o u t  2% a t  t h e  l o n g e s t  t a b u l a t e d  w a v e l e n g t h  t o  ab o u t  
3% a t  t h e  s h o r t e r  t a b u l a t e d  w a v e l e n g t h s .  The f i g u r e s  q u o te d  a r e  
f o r  t h e  l e n g t h  r e s u l t s .  The v e l o c i t y  r e s u l t s  (o n ly  a l i m i t e d  
c o m p a r i so n  w i t h  Doughty and F r a s e r  c an  be  made h e r e )  a r e  g e n e r a l l y  
in  w o rs e  a g re e m e n t  by an  a d d i t i o n a l  2%.
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A ppendix  A 
A ve rage  Over  P h o to n  P a r a m e t e r s
In e q u a t i o n  (2 - 7 )  t h e r e  o c c u r s  t h e  e x p r e s s i o n
^  ( A - 1 )
where  t h e  r a i s e d  b a r  i n d i c a t e s  an  a v e r a g e  o v e r  t h e  i n d e p e n d e n t  
d i r e c t i o n s  o f  f .  I f  a  v e c t o r  Q i s  d e f i n e d  by
Q  -  <  f  I V?( +  | t >  (A-2)
t h e n  t h e  i n t e g r a n d  o f  (A - I )  becomes
l « - $ r  =  i ( K . - 5 | 1' +
w here  and €^ a r e  t h e  two i n d e p e n d e n t  d i r e c t i o n s  o f  € ,  i . e .  ,
( € j ,  k ^ )  fo rm  a u n i t  t r i a d  o f  v e c t o r s .  T h u s ,
l * ‘ 3 |  =  4 :  r )
Q i s  now t a k e n  a s  t h e  Z - a x i s  o f  t h e  c o o r d i n a t e  s y s t e m  w i t h  k ^ a s  
t h e  r a d i u s  v e c t o r .  Then
59
6 0
M p  =  i | i \ l - c o S J e )
The i n t e g r a t i o n  in  ( A - 1) i s  t h e n  s t r a i g h t f o r w a r d  w i t h  t h e  r e s u l t  
-  U > l ^  (A-3)
3
(A-3) may be f u r t h e r  s i m p l i f i e d .  Due t o  t h e  s p h e r i c a l  synvnetry in 
t h e  p r o b le m ,  a l l  components  o f  + Vj g i v e  t h e  same c o n t r i b u t i o n  so
t h a t  t h e  r i g h t  hand s i d e  o f  (A-3) becomes
i < f i v « + , 5 i U > r
A ppend ix  B
R e l a t i o n  Between Leng th  and V e l o c i t y  M a t r i x  E lem en ts  
The v e l o c i t y  m a t r i x  e l e m e n t  o f  ( 2 - 9 )  i s
U i i N >  =  <rv (»-D
From quantum m e c h a n ic s  i t  i s  known t h a t  f o r  s y s t e m s  w i t h  a t im e  
i n d e p e n d e n t  H a m i l t o n i a n
where  H i s  t h e  f u l l  h a m i l t o n i a n  f o r  t h e  s y s te m .  Fo r  t h e  f r e e - f r e e  
a b s o r p t i o n  o f  l i g h t  by H , H has  been g i v e n  in  e q u a t i o n  ( 4 - 1 ) .  
S u b s t i t u t i o n  o f  (B-2) i n t o  (B - l )  t h e n  g i v e s
^  +
“ n r < :f J z i + z * i ‘ >  - 7 *  < ■ -«
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But H i s  a n  h e r m i t i a n  o p e r a t o r  so  t h a t
< T f | H ( 2 i + H i )  U >  =  < l ? | n | f > *
= -^fi h i ky
w here  | k> * ^ i + ^ 2 ^ ^ *  ^ h u s  (®“ 3) becomes
1 7\
=  -  ^ ~  ^  rr  (e -M
I *  L
In  a t o m i c  u n i t s  (B-4) becomes
I t  i s  em p h as iz ed  t h a t  t h e  r e s u l t  (B-4) o b t a i n s  when H i s  t h e
e x a c t  hami l t o n i a n .  (B-*+) d o es  n o t  f o l l o w  when a p p r o x i m a t e
h a m i l t o n i a n s  l i k e  H a r t r e e - F o c k  o r  p o l a r i z e d  o r b i t a l  a r e  used .  As
a r e s u l t ,  l e n g t h  and  v e l o c i t y  r e s u l t s  w i l l  n o t  a g r e e  e x a c t l y .  The
d e g r e e  t o  which  th e y  do  a g r e e  t h e n  g i v e s  an  i n d i c a t i o n  o f  t h e
v a l i d i t y  o f  t h e  a p p r o x i m a t e  wave f u n c t i o n s  used .
33Chang and McDowell have  e x p l i c i t l y  e v a l u a t e d  t h e  d i f f e r e n c e  
b e tw ee n  l e n g t h  and  v e l o c i t y  m a t r i x  e l e m e n t s  i n  t h e  H a r t r e e - F o c k  
a p p r o x i m a t i o n  f o r  p h o t o i o n i z a t i o n  o f  l i t h i u m .  An e x t e n s i o n  o f  t h e i r  
r e s u l t s  t o  t h e  p r e s e n t  s y s te m  g i v e s
| [  H F  * 1^  - j z  L * + i i .  -I*J
where
I ,  — (**.) Fj^ ( f y j  > 1 )
' [ " * ? ' I * r‘ r>3 U l 3 ^^  X  ^  ti
+ ri. [ «tr. Ul^ r.) Ff . t t i ' , r, )  ]
I *  =  f * 1  U u  r+ )
C T
• J  <t-r, Un(-r,) ly*(kiiK) K*
+ ] d r ,  irt l/„ (r,) FjfAk^rj]
JU
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(B -6 )
A ppend ix  C 
T a b l e s  o f  P h a s e  S h i f t s
In t a b l e s  3» k ,  5 t h e  s ,  p ,  and d p h a s e  s h i f t s  a r e  g i v e n  a s  
o b t a i n e d  f rom v a r i o u s  a p p r o x i m a t i o n s .  These  a p p r o x i m a t i o n s  a r e  
a d e q u a t e l y  d e s c r i b e d  in  C h a p t e r  IV.
6 k
T a b l e  3 S-Wave
S i n g l e t
k SE AED T TLS EP G CC VAR
. 1 2 .4 0 2 .5 4 2. 52 2. 58 2 .4 4 2 .4 4 2. 54 2. 55
. 3 1.51 1.67 1.65 1.75 1.54 1-54 1.61 1. 70
. 5 1.03 1.17 1.16 1.25 1.04 1 .04 1.08 1.20
.7 5 .6 9 4 .6 2 8 .8 1 5 00 . 6 8 9 .9 1 5 .810 -
1.00 .543 .6 7 7 .6 6 6 .7 5 8 .5 2 6
.1 2 .91 2 .9 5 2 .9 5
T r i p l e t
2 .9 5 2. 93 2 .9 4 2 .9 4 2 .9 6
. 3 2 .4 6 2. 53 2. 53 2. 52 2. 53 2. 50 2. 50 2. 50
. 5 2 .0 7 2 .1 5 2 .1 5 2. 13 2 .1 5 2 .1 0 2. 10 2. 10
.7 5 1 .68 1.77 1.76 1.75 1.77 1.72 1.72
1.00 1 .39 1 .49 1.48 1.46 1.49
O'
VI
T ab le  4. P-Wave
S i n g l e t
k SE AED T TLS
.1 - .0 0 1 2 .00 7 0 .0 069 .0 0 6 7
. 3 - .0 2 4 0 .0263 .0 237 .0211
. 5 - .0 7 0 3 .0222 .0136 .0 064
.7 5 - .1 1 2 6 .0166 - .  0005 - .0 1 0 6
1.00 -.  1058 .0 418 .0190 .0 136
Triplet
.1 .0022 .0 184 .0181 .0 094
. 3 .0511 . 1283 . 1220 . 1151
. 5 . 1694 .3 3 1 7 .3113 .2 868
.7 5 .3 037 .4960 .4670 .4 230
1 .00 .3 5 7 9 . 5304 . 5033 .4521
EP G CC VAR
.0063 .0 040 .0 039 .0070
.0160 .0020 .0043 .0170
- . 0 0 6 8 - .0281 - .0 2 8 1 -.  0007
- .0 4 0 4 - .0 5 7 0 - . 0 5 7 0
- .  042 4
.0102 .0100 .0 078 .0 114
. 1047 .0880 .0 905 . 1063
.2 607 .2 120 .2 364 .2 699
.3871 .3520 .3800
.4 119
o'
O'
Js
.1
. 3
. 5
. 7 5
1.00
.1
. 3
. 5
.7 5
1.00
T a b l e  5. D-Wave
S i n g l e t
SE AED I  U S
- . 0 0 0 0  .0013  .0013
- . 0 0 0 5  .011U .0 1 1 2  .0113
- . 0 0 3 9  .0263  .0252  .0 2 6 6
- .0 1 2 3  .0430  .0 3 8 8  .0 4 5 6
- . 0 1 7 5  . 0578 . 0494 . 0627
T r i p l e t
.0 0 0 0  .0013  .0013
.0 0 0 8  .0 1 2 8  .0 1 2 7  .0 1 1 8
.0 0 7 0  .0 3 8 4  .0372  .0 3 5 0
.0 2 7 4  .0873 .0 8 2 5  .0 7 4 6
.0 5 5 5  . 1375 .1 2 7 8  . 1120
EP CC
0013
0105
0215
0290
0316
0010
0052
0150
0238
0008
0074
0207
0490
0013 
0119 
,0334 
0713 
, 1074
0010
0086
0240
0500
0008
0085
0239
0499
CT>'vj
A ppend ix  D 
L i s t i n g  o f  Compute r P rogram s
In t h i s  a p p e n d i x ,  a c o m p l e t e  l i s t i n g  o f  t h e  co m p u te r  p rogram s  
u sed  in  t h e  c a l c u l a t i o n s  i s  g i v e n .  The c a l c u l a t i o n s  w ere  p e r fo rm e d  
on  an  IBM 360 Model 65 Compute r.  The main p ro g ram s  l i s t e d  a r e  
SCATH w hich  g e n e r a t e d  t h e  AEO s c a t t e r i n g  f u n c t i o n s ,  OIPLEN which  
c a l c u l a t e d  t h e  a b s o r p t i o n  c o e f f i c i e n t  in  t h e  d i p o l e  l e n g t h  
f o r m u l a t i o n ,  and DIPVEL w h ich  c a l c u l a t e d  t h e  a b s o r p t i o n  c o e f f i c i e n t  
i n  t h e  d i p o l e  v e l o c i t y  f o r m u l a t i o n *
6 8
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c**.*
r
C**-*
c
c
100
c**«*
S C AT H P A R A M E T E R l / E O  W I T H  XK2
MAI N PROGRAM FOR E L E C T R O N - H Y D R O G F N  SC AT T E R  I NC 
I MPL IC IT REAL * 8  ( A - H . O - Z  I t  I N T E G E R * ? !  1 - N I  
I N T E G E R * ?  P O l
DI  MENS ION 0 X I 5 I * VP I 3 0 0 1 , V I 3 0 0  I , P I  S C O ) . U I 3 0 0 ) . W I 3 0 0 I , 0 1 3 0 0 1 . V C ( 3 0 0  I 
CONNON R< 3 0 0 1 , XK , 0 1 , 0 2 , 0 3 , I S P I N . L , M 1 , M 2 , M 3 / B L O C K 2 / A N O A M  
0 1 , 0 ? , 0 3  ARE THE S T E P  S I Z E S  WI TH M I . M 2 . N 3  THE L AS T  P O I N T  OF  EACH 
I NTERVAL
POL 0  FOR S T A T I C - E X C H A N G E .
R E A O I S , 1 0 0 1  0 1 , 0 2 , 0 3 , M l , M 2 . M 3 , POL 
FORM AT I 3 0 * .  9 ,  * 1 * 1  
P I  ■ 3 .  1 A 1 5 9 2 6 S 3 5 0 9 T 9 3
V O - V *  ARE S E R I E S  E X P A N S I O N  C O E F F I C I E N T S  F O R  P O L A R I Z A T I O N  P O T E N T I A L
VO “ 0 0 0  
V I  « 9 0 0  
V 2  * - * 0 0 / 3 0 0  
V 3 » 9 6 0 0 / 3 5 0 0  
V *  ■ - M D O / 1 5 0 0  
C * * « *  ARRAYS ST OR FD ON TAPE AT C O N S T .  I N T E R V A L
C A I S  nUNNV V A R I A B L E  U S E D  TO P F A O  FOR D E S I R E D  S T E P  S I Z E .
C R I S  T A D I U S ,  V I S  TOTAL P O T E N T I A L ,  I  P I S  U N P E R T U R B E D  HYDROGEN
C O R B I T A L .
R E ADI  11  I f R < I I .  1 * 1 .  11 I , t A . A . A . A . R I 1 1 , 1 * 1 2 , 3 1 1 , I A , A , A , 4 , A , A , A , A , A , A
I I  I t , 1 * 5 ? ,  2 0 0 1
R E AOf  11 I I VI I t .  I - 1 ,  1 1 I ,  I A ,  A ,  A ,  A ,  V I I I ,  I *  1 2 ,  5 1 1 , 1  A ,  A ,  A,  A .  A ,  A ,  A ,  A ,  A , V
I I  I I ,  1 * 5 2 .  2 0 0 1
R E A D ! 1 1 1  I P I  I 1 , 1 - 1 , 1 1 1 , I  A , A , A , A , P I  1 1 , I * 1 2 , 5 1 1 , I  A , A , A , A , A , A , A , A , A , P
11 1 1 , 1 - 5 2 , 2 0 0 1  
R 1 -  R I M 3 - 2 )
R 2 ■ R I M 3 1
1 F I P O L . N E . 0 l  GO TO 1 0 0 0  
DO *  N - 1 . N 3  
*  V I N  1 -  V I N I - V P I N )
V ?  ■ 0 0 9  
V 3  *  OOO 
V *  •  0 0 0
CAL L  S K I P 1 1 1 , 2 , 0 1  
MP R I NT  N O N - Z E R O  TO
1000
C « « » *
c
1
101
PRINT MAVEFUNCT1ONS.
NT APE NON-ZERO TO WRITE THE TAPE.
R E A O IS ,1 0 I I  ISP IN,MPRINT,NTAPE,LASTS,KMAX  
FORMAT15151  
PN •  1 - 2 * ISPIN  
NK -  0 
2 NK •  NR *1
XK 2  -  N K M O - 2  
XK > 0 S 0 R T 1 X R 2 I  
0 0  90 L I - 1 ,3  
L « L l - 1
C P * * *  OK ARRAY USEO TO RETURN STARTING VALUES FOR NUMFROV 01 PP.  CO. 
C SOLUTION.
CALL START!VO,V1 , V 2 , V 3 , V * . 0 . , 0 X |
FL1 •  L*L 1 
DO 3  N -3 , M 3
V P I N I  -  P L 1 / I R I N I * R | N I I * V I N l - X K 2  
5 GIN I •  ODO
CALL NON I T l V P * G , P , O X « U I  
C P * * *  OX ARRAY ALSO USED TO RETURN IN F I N I T E  INTEGRALS AND 
C PHASE SHIFT CALCULATION.
U1 ■ 0X141
LUES FOR
70
U7  - 0 * 1 5 1
F M U -  n * t  n
f m u ■ dr  ( 21
c a l l S T A R T ! V O , V I , V ? , V 3 , V 6 * 1 . , 0 1 1
n o  h N * 2 .  M 3
h  G 1 N I * - ( R 1 N 1 * * l I  * P I N  1 t
c a l l NON 1 T ( V P , G , P , O K , W 1
w l  - OX 1 * 1
W 2 « 0 * 1 5 1
F I I W -  OX 1 I >
F IDW •  0 * 1 2 1
C * « * t  THE TWO S O L U T I O N S  I R E  J O I N E D  NOW 
F -  - ! l * K K 2 |
1 F t L . F Q . 0 1  T,0 7 0  %
C -  - p m * E 1 I U / I 1 * P M * F I I W I
GO Tfl 9
B C •  - P M * t E * f l D U / 2 * E I I U I / l l * P M P | E * E I 0 H / 2 F E I I W | l
9  0 0  1 0  N - 1 . M 5
1 0  U t N I  * U!  N I * C * W I N  1 
U l  -  U 1 * C * W1
U 2 -  U 2 * C * W 2
F T A -  P H A S E t R l , R 2 , U l » U 2 1
I F t U I 2 t . G E . 0 D G I  GO TO T
ANORM ■ - ANORM
I F ( FT A I 1 5 . 7 , 1 6
1 5  ETA ■ F T A *P 1 
GO TO T
1 6  ETA •  E T A - P 1  
7 0 0  5 0  N - 1 . M 3
5 0  U I N 1  •  ANORNP UI NI
IF !MTAPE.EO.Ot  GO TO 11
W R I T E !  I l l  I S P  I N ,  I  , X K 2 , E T A , t U I  I 1 , 1  ■ !  * N 3 I
11 WRITE!6 , 2 0 0  I I S P 1N , 1 , XK2.ETA, ANORM
2 0 0  F O R H A T t 1 H 0 , • I S P  IN -  ' , T 1 , 5 K , ’ L ■ • , I l , » X , * K R 2  ■ * » 0 P F 6 . 2 , S K , •  E TA ■ 
1 ' ,  1 P 0 1 6 . 7 , 5 X , ' A N O R M  ■ * , 1 P D 1 A . T I
I F ! M P R I N T . E Q . O I  GO T n  9 0  
W R I T E ! 6 , 7 0 1 1
2 0 1  F O R M A T ! 1 H 0 , A ( 2 K , • R » , I AX, » U * , 1 3 1 1 , / I  
W R I TE1 6 » 2 0 2  I I R I N 1 , U I N I , N - l , M 5 t
2 0 2  F O R M A T ! M 0 P F 6 . 2 , 5 X , 1 P D 1 5 . R . 5 K I 1  
9 0  C ONT I NUE
C * * * P  L OOP  f o r  ANGULAR MOMENTUM n o w  ENDFO 
I F 1 N K . L T . K N A V 1  GO TO 2 
I F ! L A S T S . E O . O I  GO TO 1 
I F 1 M T A P E . N E . 0 I  END F I L E  1 1  
R E WI ND I I  
C * * « *  T E S T  F I R S T  TAPF  R E C O R D ,
CALL S K I P !  1 1 , 2 , 0 1
R E A D ! I l l  ( S P I N , L . X K 2 , E T A , ( U ! N I , N * 1 , 2101 
WR 1TE1 6, 2991 KK2 
REWIND 11
2 9 9  F O R M A T ! 1 M 0 , * X K 2  AS READ FROM TARE -  * , 0 R F 6 . 2 I  
STOP 
FND
S U R ROUT I N F  S K I P ! I TAPE,1F1LE, IR EC I  
C I T A P E  IS LOGICAL UNIT NO. OF DESIRED TARE U N IT ,
C IF1LE IS NO. OF FILES SKIPPEO.
C IAEC IS NO. OF RECORDS SKIPPED WITHIN F ILE TO BE ACAD,
CALL E * R S E T I2 1 T ,2 S A , - 1 * 1 , 1 , 1 1  
I  •  0
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l F l  i f  i l e . f o . o i  c n  m  |
2 R E A O t I T A P E t F N O - 3 1  
C n  TO 2 
1 I -  1 * 1
I F I I . L T . I F I L F  I CP  Tfl 2
i  m  i s e c . f o . o i  r f t u r n  
on to 11- 1. i•>ec
1 0  R E A O t I T A P E I  
RETURN 
ENO
S U R R O U T I N F  S T A R T t V O . V 1 . V ? , V 3 t V 4 . A I , 0 X I  
I M P L I C I T  R F AL * 3  ( A - H . O - I I * I N T E G E R * ? ! I - N I  
D I ME N S I O N  O K t S I . A d t  
R F A l * 4  At
C * * « *  A t  I S  A PARAMETER ( O .  OR 1 . 1  WHI CH D I S T I N G U I S H E S  THE TWO S O L U T I O N S  
C * * « *  0 *  I S  A 5 - D I M E N S I O N A L  ARRAV WHI CH RETURNS X . 0 0 X . X 2  S T A R T E R S  
COMMON Rt  3 0 0 l , * K , D l , 0 ? , n T , I S P I N , L , M l , M ? , M l  
PM ■ 1 - 2 *  I $ P 1 N 
L I  •  1 * 1  
XK2 ■ XK*XK 
F I  -  - 2 . + K K 2 - V 0
F 2  •  V 2 - 1 . 3 3 3 3 3 3 3 3 3 3 1 3 3 3 3 0 0 - P H * A 0 - 1
F 3 » V 2 -  1 .  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 n O - P H * 2 . a 5 T 1 4 ? S 3 T l A 2 M 7 D - l  
GO TO I I * 2 , 3 1 ,  L !
1 C ONT I NUE
a m i  * i n o
A I 2 I  « - 1  DO
A ! 31 » I 2 D 0 - E 1“ 2 0 0 * A I l / A D O  
A ( A 1 ■ l - 2 0 D * A (  3 1 • F I * 2 0 0 * A 1 ♦ V I I / 1 2 0 0
AI  5  I -  I - I , 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0 0 * V 2 - P N * 1.  3 3 3 3 1 3 3 3 3 3 3 3 3 3 3 D O - V l - F l * A I I I -  
1 2 D Q * A I A  I - 1 0 0 * A I 1 / 2 0 1  
A ! 6 1 ■ I t  1 . * P M I * 2 . 6 6 6 6 6 6 6 6 6 6 6 6 A 6 T O O * A | * 3 .  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0 - l * V 3 - V 2 *  
I V 1 * A I 3 I - F I * A I A I - 2 0 0 *  A I 5 I I / 3 0 I  
A I T  I * f - 2 . 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 D 0 - P N * 2 . 6 0 0 - 6 .  3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0 - 2 * A I * V A - V  
13  * F 2 * A C  3 1 * V 1* A t A | - F 1 *  AI  9 1 - 2 D 0 * A t  A l l / A 2 0 0  
0 X 1 4 1  ■ - 2 0 0  
GO TO 2 0
2  C O N M N U F  
At  2 1 ■ 1 D0  
At  31  « - 3 0 - 1
1 A t AI  -  l - F 1 * 1 0 0 - 2 0 0 * A I J / 1 0 1  
At  5 1  ■ t -  1 0 0 - 3 0 - 1 * V O * 5 0 -  1 *  X K 2 * V 1 * 2 D O * A I - 2 D O * A  t A I  1 / 1 6 0 0  
A 1 6 1  ■ 1 - 1 . 3 3  3 3  3 3 3  3 3 3 3 3  3 3 3 D O - P N * 8 D - l * V 2 - 5 D - l * V l - l O O * A I - F l * A t 4 1 - 2 D O  
1 * At  51 1 / 2 6 0 0
At  71  ■ < 2 0 0 * P N * 1 . 4 6 6 6 6 6 6 6 6 6 6 6 6 6 7 0 0 * 0 . 3 3 3 3 3 3 3 3 3 3 3 9 3 3 3 3 D O * A t * V 3 - 5 0 - l  
l * V 2 * V l * A t  A t - F I * AI 3 1 - 2 0 0 * AI  6 1 1 / A 0 1  
A t 6  I ■ t 2 . 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0 0 - P H * 1 . 3 5 2 3 8 0 9 5 2  3 8 0 9 5 200-0* 3 9 3 3 3 3 3 3 3 3 3 3 3  
1 3  3 0 - 2 *  A I * V A - 3 0 - 1 * V  3 * F 3 * A | A l * V l * A I 5 l - F 1 * A 1 6 1  —2 D 0 * A I T t I / 3 A 0 0  
OX |  AI  ■ 2 0 0  
g o  r n  20
3  C O N T I N U E  
At  3 I ■ 1 0 0
At  A I  •  - 1 0 0 / 3 0 0
At  5  I ■ l ? . 6 6 6 6 6 6 6 6 6 6 6 6 6 6 T D O * V O - 2 D O * A ! - X K 2 l / l * 0 0
At 6 I *  I -  6 * 6 6 6 6 6 6 6 6 6 6 6 6 6 6 T O - 1 * V O * A IA ) -A |A l  * X K 2 * V l * 2 0 0 * A I -2  D 0 * A t 511 
1 /  2 A DO
A I T I  •  I - 1 . 3 3  3 3 3 3 3 3 3 3 3 3 3 3 3 0 0 - P H * 3 . T 1 A 2 6 S T 1 A 2 0 9 T I A O - 1 - A I * A | A I * V 1 * V Z  
l - F  l * A « 5 I - 2 0 0 * At 6 1 1 /3 6 0 0  
AI61 •  1 1 • TTTTTTTTTTTTTTiOORRN*1.01S67301SRT301600-At4 l * A I * A I A I * V 2  
l * V 3 » V l * A t  5 I - F 1 * A I  6 1 - 2 0 0 * A (  Tl  I / M l
72
A I D  « I -  3 * 3  3 3 3 3  3 3 3 3
I 3 1 3  1 0 - 2 * 4  1 * At  4  > * V 3 * V 4 * 1  - 1 . 3 3 3 3 3 3 3 3 3  3 3 3  3 3 3 0 0 - R H * 2 .  2 2 2 2 2 2 2 2 2  2 2 2 2 2 2 0 -  
2 1 * V ? I * A ( 5 I * V 1 * A I 6 I - F  1*A t  7 l - 2 D 0 * A t  A1 1 / 6 6 1 ) 0
r . o  i n  2P
2 0  C ONT I NUE
I  L -  L 1*A 
S * 0 0 3  
SI « 300
s 2 * onp 
n t 2 -  n i / ? o c  
m i  » o l •  * l  
0 1 2 1  -  0 1 ? * * L  
n r )  21 N * 1 .  7 
M -  I L - N * 1  
s  .  I S * » f M ) t * D l  
S I  -  1 S I  ♦ A I N I 1 * 0 1 2  
n * h * l
AI N I •  K * | K - I  l * A | N I  
S? “ I S ?  *A I N  11* 0  I
2 1  C ON T I N U E  
S “ S * 0 1 l
5 1  -  S 1 * 0 1 2L
5 2  * S ? * n i * * I L - 2 1  
0 X 1 2 1  -  S
0 X 1 3 1  * S I  
0 X 1 5 1  •  S 2 
0X1  1 1 -  POO
T F i t . G E . 2 1  0 X 1 4 )  »  0 0 0
RFTURN
END
S U B R O U T I N E  N O N I T | E t G . P « O X * X I  
C * * « *  S OL VE S  F O N .  X " * F X + G ,  WHERE G I N C L U D E S  EXCHANGE I N T E G R A L S .
I H P L 1C I T R E A L * A I A - H , 0 - Z 1 » I N T E G E R * 2 I l - N t  
CnNMON R|  3 0 0 t . X K . 0 1 ' D 2 t D 3 ' t $ P l N t L . H l . M 2 * N 3  
0 I N E N S I O N  X I 3 0 0 l . R I 3 0 0 l . E t 3 0 0 1 . 6 ( 3 0 0 1 . E l  1 4 1 * 0 X 1 5 1  
XN1 «  DXI 1 )
XNO ■ D X I 21 
X? N •  OKI  31 
DDXNl  * 0 X 1 4 1  
OOXNO > 0 X 1 5 1  
X t l l  -  XN1 
x 1 2 1 « XNO 
PH -  1 - 2 *  I S P  I N 
E 2 L  »  2 * 1 * 1  
T ■ 4 0 0 / 3 0 0  
OI L  »  D l * P l * * l - L I  
O L 2 -  0 1 * * 1 1 * 2 )
£ * ♦ • *  E l  ARRAY S T OR E S  O V E R L A P P I N G  S 1 N P S 0 N  EXCHANGE I N T E G R A L S .
E M  I I  * ? . * I * D I L * P | ? I * X N 0 / E 2 L  
E M  31 -  D I * * I ? * L » 1 I * E I <  I I
E M 2 I  ■ D 1 L * P | 2 I * X N O / E 2 L * Z * 2 . * * L * 0 1 L * 2 . * O E X P I - 0 1 / 2 0 0 I * X 2 N / F 2 L  
E M 41 •  01 2 * R I 2 I * K N 0 / E ? L * 2 * 0 1 2 * 2 . * D E K P I - D 1 / ? 0 0 I * X 2 N / I 2 . * * I L * 1 ) * F 2 L
I I
ORSO * 0 1 * 0 1 / 1 2 0 0
DR ■ 0 1 / 3 0 0
t  -  l
1 1 * 2
HI  •  - 1
NN •  N t
N S  ■ 0
MM .  w i - i n i N M ^ / n i - . S I
n n  20 n - i . m j
OR a  R ( M
RRL ■ R R * * | - l I
RO 1 a  R R R * |  L ♦ I I
RR2 - ««■•(?* l♦1 I 
I f  ( N . N F . N M I  GO TO I 
NNSAVF *  NNP 
ODNNI S * f>OJ(NP 
] f  I N . G T . M 1 )  CO TO 2 
mm .  M 2 - | n | N T ( 0 1 / 0 2 -  .  5 t  
GO TO I 
P mm a  M 3 - 1
I CN « G I N I * P M * ( R R L * E I  I M 2 l - R R l * E H  I H * P t N »
C « * * *  NUMER' IV S O L U T I O N  FOLLOWS.
NN > ( 2 0 0 * N N C - N N 1  ♦ O f l S Q * U 0 1 * O O N N O * O D X N | * G N I 1 / l  I 0 0 - 0 R S Q * F  I N I !  
N t N i  ■ NN
I F  I N . N E . N N I  CO TO 3 
0 * 0 2
I F  ( N N . E 0 . M 2 I  n  * 0 3  
TT * O R * 2 . * P I N I * X N * R R L / F ? L  
T FMP 1  * F I I  I I FTT 
T EMP2  -  E M  I « 2 I * R R 2 * T T  
E IT •  D * P | N I * N N * P R L / F 2 L  
E M I I t -  T f M P M E I  T 
F M  1 1 * 2 )  * T E N P 2 * * R 2 * E 1 T  
F i l l )  ■ T F M P l * 2 D C * E I T / 3 0 0  
F I ( 1 * 2 1  * T E N P 2 * f t R 2 * 2 D O * E I T / 3 D O  
NNO •  NNSAVE 
DONNO -  DDNNI S  
I F  ( N . E Q . M 2 I  GO TO 4 
DRSQ * 0 2 * 0 2 / 1 2 0 0  
PR -  0 2 / 3 0 0  
NS * NN 
NN * M2 
GO T n  3 
*  ORSO -  0 3 * 0 3 / 1 2 0 0  
OR •  0 3 / 3 0 0  
NS -  NN 
NN * M 3 * l  
GO t o  5
3  E l l  -  4 D 0 * D R * P ( N I * R K L * X N / F 2 L  
E I D  -  R R 2 * E t  t 
E 11 I I  -  F I (  I I *F  1 I 
E l l  1 * 2 1  *  E M  M 2 I + E I D  
I F  I N . N E . N S * M  GO TO 6
E M M  -  E M  I 1-E I I / 2 0 0 * n * P ( N I * R R L * X N / F 2 L  
EM 1 * 2 1  *  EM I * 2 l - E I O / 2 D O » D * F I N I * R R l « X N / F 2 L  
6 EM  I I I  ■ E M  I M  *€ H  * f  11 
F I I  1 1 * 2 1  *  EM I ! * 2 I * E I 0 * E I 0  
3 XN1 -  NNO 
NNO *  NN 
OOKNI *  DONNO 
OOXNQ -  F (N I* XN0*G N  
Nl ■ - N |
I * I * N |
I I  •  3 - I 
2 0  C O N T t N U F
0 X 1 4 1  .  XN3AVE 
0 X 1 3 1  •  XN
71*
o * i  11 -  F t i n i  
0 * 1 2 1  ■ F I I  1 1 * 2 1  
RFTURN 
END
DOUALF P R F C I S I O N  FUNCTION PHA SE IR 1 ,  R2 , V I  ,  V2 I 
C * * a *  CALCULATES PHASFS RV THE TWO P T .  TANGENT HETHOO.
[ H P L | C | T  R f A L * 8 ( A - M , 0 - Z I , I N T E G E R * 2 1 l - N I
COMMON PI  K O ) . A K , D l , n 2 , n 3 * l S P | N * L , H l , M 2 « N 3 / B L O C K 2 / A N O R N
I F I L . F O . O .  ANO.  A « ,  E O . O n O )  GO Tfl  2
I F | A K . f O . O O O l  GO TO | 0
RK I  •  AK*R1
RX2 •  AK *R ?
V I  ■ S B E S N t R K l , l l * R K l  
’ V? •  S B F S N I R K 2 , L t * R K 2  
> * 1  ■ S B E S J I R K l  
RK7 •  S f t F S J I R K 2 , L l * R * 2  
D ■ V 1 * R K 2 - R K 1 * V ?
2 I -  V2 * R K  1-RK 2 * V  1
7 2 •  V 2 * V l - V 1 * V 2
P I  * T ,  1 * 1 9 9 2 6 3 3 5 8 AT9 3
ANORM -  D S Q R T I 2 / < P I * < Z l * * 2 * I 2 * * 2 m * D A B S ( D I / A K  
I F ( O . GT  . 0  f>0 I GO TO 3 
21 - -71 
7 2  -  - 7 2  
3 PHAS E  •  DATAN2 I  2 1 , 7 2 1  
b  RFTURN
2 PHASF*  ( V 1 * R 2 - V 2 * R 1 I / I V 1 - V 2 I  
ANORM a 1 
RFTURN 
10 PHASE ■ 0 
ANORM » 1 
RFTURN 
FNO
DOURLF P R E C I S I O N  F U N C T I O N  S B E S J I X t M  
c * « « *  RFGULAR S P H E R I C A L  B E S S E L  F U N C T I O N ,
I M P L 1C I T  R F A L * B t A - H , 0 - Z I , I N T E G E R * 2 I I - N I  
I F  ( L . G E . 2 I  GO TO 1 0  
2 0  C ONT I NUE
X J t  ■ O S I N I K I / N
S 6 E S J  -  I K J 1 - D C 0 S I X I 1 / X
I F  I L - l l  1 , 2 , 3
1 S M E S J  -  X J 1
2 RETURN
)  ( H  •  i n c
0 0  A N - 2 . L  
XN -  X N * 2 0 0  
XJ O ■ X J I  
X J 1  -  S R F S J  
A S B F S J  ■ X N A X J 1 / X - X J 0  
RETURN 
1 0  CONTI NUE 
AL ■ I  
XN -  XPR 
A ■ S O . * X N
I F  U . G T .  1 0 1  GO TO 9 0  
I F  I A . G T . A . * A i * 2 U  |  GO TO 20  
121 ■ 2*1*1 
I F  I L . G E . 1 0 I  GO TO 9 0  
NF a 1
DO I I  N*1«L21,2
75
1 1 NF ■ N F - N  
X F .  N*
4 0  C H N U N U F
A 1 * 4 . * 4 1 * 6 .
A2 - 8 , *AL * 2 0 ,
S R F S J  > I X* * L  I * I 1 D 0 * X N * | X N / A 2 - I D 0 I / A l l / K F
OFTURN 
SO CONTI NUF
I F  ( A .  G T » S O .  •  AL * ? C Q .  I GO Tf l  2 0  
L ? 1  •  2 * L * 1 
10 CON T I Ni l  F 
XF -  1 .
0 0  31 N - l , L  2 1 » ?
3 1 ' t r  « XF*N
GO Tfl  * 0  
FNO
DOUBLE P R F C I S I O N  F U NC T I ON S B E S N I X . L I  
C + + **  [ RK EGOi  AR S P H E R I C A L  B E S S E L  F U N C T I O N .
1 MPLI C1  T REAL * A I A - H , n - 2 1 , I N T E G € * * 2 I l - N I  
XN1 » - D C O S I X I / X
S B E S N •  I X N 1 - O S  I N I  n i l / *
I F  ( L - l l  1 , 2 , 3
1 S HE S N * X N 1
2 RFTURN
3 XN -  1IH? 
n o  A N - 2 . L  
XN * XN*2F10 
XNO * XN1 
XN1 -  S B E S N
A SRESN ■ X N * X N 1 / X - X N 0  
RETURN 
FNO
C * * * *  n i P V E L  NA I N PROGRAN f o r  n l P O L E - V E L O C I T V  C A L C U L A T I O N  
I M P L K ' I  R f  A l P R I A - H , 0 - 2  1 
I N T E G F * * 2  NOT
REAL PR « I , K F , I N [ ( 3 ,  2 R 0 )  , NA TR I XI 2  ,  A , 6 1 1  . K I S Q . K F S O
O I H E N S I O N  F I N I 3 , 2 0 0 1 , 0 1 R < 4  I , E X I M , X H I 1 0 1 , E I I 3 1 , f f  I 3 1 , P I  2 0 0 1 , ABMATI  
I M  t . C H l t  2 .  3 I . C N 2 I 2 . 3 1 . C N 3 I 3 I , C N A I 3 1 , 0 A R F ( 6 1 1 , C R U 0 t 6 1 l , 0 0 ( 3 1 , I D I 3 1  
CONI ON P I 2 R 0 1 , O U N ( ? 0 O t , D U N 1 ( 2 0 0 1 , DR 1 3 1 , I N I  3 1 / 8 L 0 C K 2 / D S I 3 I ,  B l  A , 2 8 0 1 
l , D n t A , 2 R 0 l , S ( A , 2 R 0 I , I N E 13 I , I N S I 31 
ABSORB! OK S O , T H E T A I  ■ 1 1 - D E X P I - O K S O * T H E T A * 3 1 . 3 2 6 3 2 2 1 I • I O S O R T ( T H E T A I  
L I * * S * X * 4 . 21  S A T 3 2 / O R S O  
C * » « *  X R E P F T S E N T S  THE I N T E G R A T I O N  I NVOLVED
C * * * *  A A L L ' * S  R E ADI N G AT O E S I R E O  S T E P  S I Z E .
READ!  I I P  I I t , I - 1 , 1 1 1 , I A , A , A ,  A , R 1 1 1 , 1 - 1 2 , 3 1 1 , 1  A , A , A , A , A , A , A , A , A , R  
1 1 1 1 , 1  ’, 2 * 0 1  
c a l l  s k : p u i , o , i >
R E A O I l i t  P I  I t , 1 - 1 , l i t , | A , A , A , A , P t I  1 , 1 - 1 2 , 5 1 1 , I A , A , A , A , A , A , A , A , A , P 
l i l t , I - S 2 , 2 0 0 1  
CALL S K I P ( I 1 , 1 , 0 >
P I  « 3 , 1 4 1 5 9 2 6 3  3 5 0 9 7 9  3 
0 0  1 N - l , 4
£ • • • *  0  ARRAYS ARE ATONI C P A R T S  OF PER TURNED O R B I T A L .
C S ARRAYS ARE S CATT E RED P A R T S  OP P E R T UR B E D O R B I T A L .
C OR ARRAYS ARE DERIVATIVES OF B ARRAVS.
A I N , I t  > 0  
1 S I N . l t  -  0  
0 0 1 2 , 1 1  > 2  
OAI  3 ,  1 1 > 0  
D B I 4 . l t  -  0
76
o o  10 n . 2 * 2 *o
RR .  P ( N )
i x  * D E x P I 2 * f l R )
m
c***«
c
c**«*
R l 1 ,N I 
f l l  2 , N )
R l S , N  I
n u . N I  
S I  l , N I
5 1 2 . N I
5 1 3 . N 1
5 1 4 . N I  
0 « l  l , N I  »
OR! ? | N I  -  
o r ( 3 , n i  -  
d r i ^ .n i  - 
F HL L CM ING 
I N T E G R A T I O N S  
I N I  1) *  11 
I N I ? )  -  S I  
I N I  SI  -  2 7b 
OBI I I  *  1 0 - 2  
OBI  21 » 5 0 - 2  
OR| SI  -  I l>— I  
I N E I I I  -  I N I  1 I 
INE I 21 •  I N I  2 1 
I N E I 3 I  -  271 
O S I I I  •  2 D - 2  
OS I 2 1 -  1 0 - 1  
OS I SI  -  2 0 - 1  
T N S I l t  -  6
t N S I  21 -  2b  
INSI SI - 136
P I N I • I I  X X -  1 l / R R - 2 * !  1 *RR I I 
- (  RR * P P / ? » P B | * P R * P | N I  
I 1/RR♦2*I1*BB| )- P I N I 
I 1 / P R * - 2 I * » I N >
( S * | R R * 1  I * *  2 / XX I / I 11*0 SO* T I P I  | BRRBRR |
1 / I 2 * 0 S Q R  T I P I  ) * R O * R R (
) « |  t - R f t « R R - | / X K * | f f R * l  l * * 2 l / l l l * 0 S Q R T I P I  | *R R *R R 1 
R R / I 4 * OS OR TIP I  I I  
P I N  I *  11 X X * 3 I / | R R B R R | - 2 * I X X - M / R R * B 3 * 2 R 1 1 * I / R R )  I 
P ( N I * ( - B « » f t R * 2 l / 2
- P | N I * I 2 / B P * P 3 * S / I P R * P B I * 2 * I 1 * 1 / R B I  I 
- P I N  1*1 2 / R R * « 3 * - 3 / | R R * R A l  4 2 / P R  1 
I ARRAYS ARE END P T S .  OF I N T E R V A L S  FOR VARI OUS  
WHI LF 0  ARRAVS ARE C O R R E S P O N D I N G  S T E P  S I Z E S .
001 I I 
001 21 
0 0 1  31 
101 1 I 
lot 21 
101 31 
CN ARB AYS 
OBI  1 , 1 1 *
1 0 - 2
1 0 - 2
1 0 - 2
6 1
61
6 1
ARE R E S U L T S  
R f l O / 3
OF ANGULAR I N T E G R A L S .
CN 11 1 , 1 1  
C N11 1 , 2 1  
C N 1 I  1 , 3 1  
C N 1 I 2 , 1  I 
CN 1 1 2 , 2  I 
CM1|2 , SI 
C N 2 I 1 , 1 1  
C N 2 I  1 , 2 1  
C M 2 I 1 , 3 )  
C N 2 I 2 , 1  I 
C N 2 I 2 , 2 1  
C N 2 I 2 . S )  
C N 3 1 1 I  * 
C N 3 I 2 I  ■ 
C M 3 1 3 I  •  
C N 4 1 1 I  -  
C N 4 I 2 I  * 
C N A I 3 I  •
-  1 / I P  1 * 1 2 1
•  - C M i l l , 1 1 * 2
■ 2 * 0 S 0 P T | P I I / 3 * C N 1 I 1 , 2 I  
« 1 0 0 / 2 7
•  C M H  l ,  I )
•  C N I I I , l l * 4 * 0 S 0 R T < P I I / 3  
> CNII  1, I I
-  - C N I I 1 ,21
-  -CN 111,31
■ C N I I  2 , 1 1
•  C N I I  2 , 2 )
-  C N I I  2 ,  3 )
1 / IP 1*61
CN3 I  l l * 4 * 0 S Q A T I P l 1 / 3  
2 0 0 / 2 7  
C N 3 |  I I  
- C N 3 I 2 I  
C N 3 I  31
NATRIX IS NATA1X ELENENT SEPARATED INTO VARIOUS SPIN C 
CONPONENTS.
TRANSITION
77
3 0 0
C * * * *
7
C++**
c
c
t
100
3
*
5
2
C * * « *
c**»*
4
6
6
9 9 S
C * « * *
C * * * «
C * * * «
c**«*
c
77
o n  77 1 - 1 , 2  
r>n 7T j - i , 9  
M A T R I X !  I , J , 1 I •  0 
C f lN T I N U F
ABMAT I S  TQT AL MATRIX  EL EM FN T.
0 0  7 N« t ,  h i  
A R M A T I N I  -  n
NOX- . 0 1  I S  ENERGY D I F F F R E N t F  OF I N I T I A L  AND F I N A L  S T A T E S .
IT 1 FOR S -P  ON LY,  2 FOR P - D  O N L Y ,  3 FOP A L L  T R A N S I T I O N S .
I SFP  NON-  I f  0 0  I F  C O N T R I B U T I O N  FPON VARIOUS S P I N S  ANO T R A N S I T IO N S  
ARE TO BE D I S P L A Y E D .
REAOIS. lOOt  N O R . I T . I  SEP*NPRI NT.LAST
FORMAT! SI  51
NRFC « 3 * N 0 K
OK SO « NOR* 1 0 - 2
M IN •  I
NNIN - 1
MAX -  3
MMAX -  3
I F !  I T . N F .  I I  GO TO 3 
MAX *  2 
MMAX -  1
I F ( I T . N E . 21 GO TO A
M I N  -  2
MM|N -  3
I S P I N  -  0
PM -  1 - 2 * 1 S P I N
F I S  ■ 2 * 1 S P I N * I
NK -  I
P O S I T I O N  F IN A L  TAPE FOR PROPER ENERGY D I F F E R E N C E .
CALL S K IP  I 1 2 . 0 , NR EC I
READ VAVEFUNCTIONS.KSQ.PHASES
0 0  *  L 1 - 1  .  3
READ!  H I  NOT,  NOT,  K t  S O . f  I t L  11 ,  I I  N H L  1 ,  J l  ,  J - l  , 2 * 0 1  
NK -  NK ♦ 1 
OO R L 1 - 1  * 3
REAOI 121 N O T , N O T , K F S O , E F I L l l , m N I L I * J I , J - l , 2 « 0 »
K I  -  OSQR T ( KI  SO I 
KF -  O S Q R T ! K F S O  I
CALCULATE DIRECT MATRIK ELEMENT.
CALL O I R D V t I N  I , F I N , 3 , M A X , N I N . D I R I  
ADO ASYMPTOTIC C O N T R I B U T I O N .
CALL O O V C n R IO IR ,E I *E F ,K t , KF. 2 4 . 6 0 0 . IT *
CALCULATE EXCHANGE MATRIX ELEMENTS.
CALL E X C H D V I I N I
XMI 11 ■ D I R I l l
XMI 2 1 • E XI  I t
XMI 31 • E X t  21
XMI 4 1 m 0 I R I 2 I
X M I 5 I m EXI  31
X M l h l m F X I  4 1
XMI 71 m 0 1 * 1 3 1
XMI Rl a E X I 5 I
XMI 91 • D I R I 4 I
XMI 10 i -  E X I 6 I
CALCULATE ABSOLUTE SQUARE OP MATRIX ELEMENT INCLUOING ANGULAR 
INTEGRAL CONTRIBUTION.
I F I  IT .EO.  21 GO TO I I  
SUN •  0 
DO 12 1 - 1 . 2
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o n  12 j - 1 , 1
I F ) t . G T . J I o n  TO 1 2
SON ■ 1 .
I F ( I , F G . 1 . A N D . ! J . F Q . 2 . n R , J . E 0 . 3 I t  SGN a PH 
SUM > S U M + X M ) I ) A X M ( J I A C  M l | I  « J I  a SGN 
12 CONTI NUE
SUN a SUM.XN)  3 I * X M 0 1 * C M 1 ( 2 ,  I t
1 F ( I S E P . F Q . i l  GO TO 1 3
ABM A T IN Kt  *  ABNATINK I * F I S A S U N * K | * K F
r . n  t o  16
15 M A T R I X ! 1 S P | N * 1 » I . N K I  ■ F |  S *SU M*XI  at !F 
| A  SUN -  0
0 0  I S  l - A . S  
0 0  I S  J » 6  
I F )  I . G T . J I  GO TO I S  
SGN * 1 .
I F )  I . F 0 . 6 . A N 0 . ) J . E 0 . 5 . 0 R . J . E Q . B t t  SGN a FN 
K - | -3 
X X -  J - 3
SUN -  S U N a X M l 1 1 * X M I J ) * C M 2 ) K . K K ! * SGN
15 CONTINUF
SUN a SUN * X N ! 6 1 * X N ! 6 1 * C N 2 I  2» 1 1 
I F ) 1 S F P . E 0 . I )  GO TO 16  
A B M A T !N K ) a ABMAT( N K | * f t S * $ U M * « | * K F  
GO TO 17
16 M A T R I X I I S P I N * 1 . 2 . N K |  » F 1 S * S U N * K I * K F
17 I F )  I T . E O . 1 ) GO TO 18 
11 SUN *  0
0 0  19 J» T  ,  8 
K -  J - 6  
SGN ■ 1 .
1 F I J . H E . 7 I SGN *  PN
19 SUN -  SUM * X N I 7 l * X H t J I * C N 5 ( K I *  SGN 
SUM « S U N a X M f 8 I « X N ) S 1 * C M 3 I 3 I  
I F !  I S F P . F O . I t  GO TO 21 
A B N A T I N K I  > A B N A T I N K I » F I S * S U N * K 1* K F  
GO TO 22
21 M A T R I X ) T S P 1 N + 1 * 3 . N K )  -  F I S « S U N * K I * K F
2 2  SUN -  0
0 0  9 9  J « 9 » 10 
K > J - B  
SGN ■ I
I F I J . N E . 9 t  SGN -  PN 
9 9  SUM a S U M + X M I 9 I A X M I J t * C N 6 ( K I * S G N  
SUN a S U N A X N 1 1 0 1 * S N I 1 0 t * C N A ( 31 
I F (  I S E P . E O . l t  GO TO 2 3  
AB N A T ) N K I  a ABNAT(NK t + F I S * $ U N * K | A K F  
GO TO I B
23  M A T R I X ) l S P ! N » l t 6 . N K I  -  F f S * S U M * K I * K P  
I S  I F I N K . G F . 6 1 t  GO TO 2 6
GO TO 9
26  I F H S P I N . E O . l t  GO TO 2 9  
I S P I N  a I S P I N H
CALL SKIP)  1 1 . 0 . 1 2 0 1  
NNRECa 120-NREC 
CALL SK IP )1 2 .0 .N N 8CC I  
GO TO 9 
29 GO TO I 2 6 . 2 T . 2 B I .N P R I N T
27 WRITE)6 * 2 0 0 )
200 FORMAT) INI t
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M « t r e  I fr • 2 0 1 1 0 K S Q » ! A B M A T ! 1 I , A B M A T !  1 * 3 1 1  t l ' M H  
? n i  F O R MAT ! 6 1 X , I H D K S Q  -  , F 3 , 2 , f t , 6 3 X t S H A B M A T * / / , 1 1 P 2 D 2 0 . B I I
GO TO 26
2R r>o 20 r * t « 2
W R I T F I  6 , 2 1 0  I 
ISP IN -  I - l
W R I T E ( 6 , 2 0 2 I  O K S O . I S P I N
2 0 2  FORMAT ( S S X . T M I X S O  -  t F 3 ,  2 , 3 X ,  BH1 SPI  N •  t l l « / / , U X  
1.  1 TX.  1 H P - D ,  1 TX,  3H 0- P  I
MR I T E I  6 , 2 0 3 )  ( M A T R I X !  I , I , J I , MATRI  X ! I , 2 , J I  * N A T * I X I  I  
1 . J I . J - l , 6 l t
2 0 3  FORMAT! I P 6 0 2 0 . R I  
20 CONTINUE
2 6  I F !  I S E P . F  0 . 1 )  0 0  TO 31  
WR I T E16 *  2 0 0 )
W R I T E ( 6 ,  2 0 6 1 OX SO
2 0 6  FORMAT I 6 1 X t THOKSO -  , O P F 3 . 2 . f / *  1 X , 5 H T H E T A , 6 X * 16HAB C O E F F I C I E N T )  
C * * * *  CALCULATE ABSORPTION C O E F F I C I E N T .
0 0  30 N - 5 , 2 0  
TMETA -  N * 1 0 - 1  
0 0  <>8 X a 1 , 6 1  
A a X - l  
K I S O  *  A * I D - 2 
08  D U M IK I  -  0 E X P I - K 1 S O * T H E T A * 3 1 . 3 2 6 3 2 2 )
X -  S F ( A B M A T , D U N , 0 0 , 1 0 1  
COFFF ■ ABSORB! D KSO ,TH ETA )
M R I T E ( 6 , 2 0 3 )  TMETA,COEFF
20 5  FORMAT ( 3 X . 0 P F 3 . 1 , I P O 2 0 . 8 1
30  CONTINUE 
GO TO 20
31 WR! T E I 6 . 2 0 0 1 
0 0  60  1 - 1 , 2  
0 0  61 K - I , 6 1
DU M 1IK )  -  M A T R I X !  I ,  1 , K I  
ABMAT!X I  -  MATRIX  ( I ,  2 ,  K )
B A R F ! K ) -  M A T R I X ! 1 , 3 , X )
61 CRUO(K)  -  M A T R I X ! I , 6 , R l  
I S P I N  *  1 - 1
WR1T F 1 6 , 2 0 6 )  O R S O , I S P I N
2 0 6  FORMAT I 1 H 0 . 5 5 X , T H O K S O  •  , O P F 3 . 2 • 3 X , B H 1 S P I N  -  , 11 , 2 / , 1 X , 9 H T H E T A ,  11 
I X , 1 H S - P , I T X , 3 H P - S , 1 T X , 3 H P - 0 , 1 T X , 3 H 0 - P I
0 0  60  N - 5 , 2 0  
THFTA -  N * 1 0 - 1 
OO 6 2  K - l , 6 1  
A -  K - l  
K I S O  a A * 1 0 - 2
6 2  OU M IK I  -  D E X P I - K I S Q * T H E  T A * 3 1 • 3 2 6 3 2 2 1  
X a S F I D U N , D U N 1 , 0 0 , 1 0 1
C O E F F l  -  A B S O R B ( n K S O , T H E T A t  
X a S F I O U M , A B M A T , 0 0 , 1 0 1  
C 0 E F F 2  a AB SO RB IO KS O, T HE T AI  
X -  S F | D U N , B A R F , 0 0 , 10 1 
C0E FF3  -  A B S O R BI D KS O ,T H ET AI  
X -  S F I o u m , c r u o , d o , i n i  
C 0 E F F 6  a A B 5 0 R B I O R S O ,T H E T A I
W R I T E ! 6 , 2 0 7 1 T M E T A . C O E F F 1 , C 0 E F F 2 t C O E F F ) , C 0 E P P 6  
2 0 T  FORMAT! 3 K , O F F 3 . 1 ,  t P 6 O 2 0 . B I  
6 0  C O N T I N U f  
2 6  REWINO I I  
REWINO 12
, 3 H S - P , 1 T X . 3 H P - S  
, 3 , J I . N A T R 1 X 1 1 , 6
8 0
] F l i t ' T . N F . n i  ST O"
CALL SK [ » (  1 I .  I . 01
r ,n TO 330 
FND
SUmmiJT  |V|F r i R D V I I N I . F  I N . M A K t l H A X . L H I N . D I R I  
C * * * R  MAX IS  VARIABLF D I M E N S I O N .
C D IR  P t TUPNS MATRIX F I F N F N T S  FOR VARIOUS T R A N S I T I O N S .
T M P 1 I C I T  RFAL ( A - M . O - Z |
COMMON R( 2 * 0  I • OIR* ( 2 * 0  I t DU* I ( 2 B 0 1  . O R  ( J 1 1  I N  I J  I 
0  IM F N S I ON F I N  I M A X . 2 8 0 1 . D I R I  A 1 . O U t 2 8 0 1  
R F A L * 4  m i M A K .  2 8 0 1  
( > » • •  | F  ONL V S - P  ANO P - S  I S  O F S I R E O  L M A X - 2 .  OT H E R WI S E  L M A K - 3 .
C * * R «  L M I N . 2  F I R  CASF OF P - D  AND 0 - R  O N LV .
M3 •  IN I  3 I
DO 10 L 1 - L M | N , L M A X
OH 2 J - I . M 3
2 OUMI J l  - I N M L l . J l
CALL D F R I V I O U M . I N . D R . 3 . 0 U I  
I F  l l l . F Q . l l  GO TO 1
I F  H  l . F O . L M I N t  CO TO M
0 0  1 J » 2 , M i
3 D U M ( J )  .  H l - l ) * I N t t l  l . J I / R t  J l  
D U M I I  I » 0
C * * * R  O U M i n  IS NOT ACTUALLY o .  b u t  e n t i r e  i n t e g r a n d  I S  0  AT O R I G I N ,  
o n  4 J M . M 3
4 DUM1I J l  -  F I N I L I - I . J I
0 I R | 2 * L l - ? l  « S F i n U H l t D U . 0 R t l N l 4 S F I D U N l . D U N t D R . I N I  
I F  ( L I . F O . L M A K I  CO TO 10  
<1 n n  6 J - 2 . M T
6 D U H I J I  -  - L  1 * 1 N H L 1 ,  J I / R I  J l  
D U N t 1 I -  0 
CO TO *
1 CONTINUF 
0 0  7 J « 2 , M 3  
T D U M I J t  .  - 1 N 1 I L l . J I / R t J l  
O U M I I I  » 0
* o n  a j - i . mj  
R ( K J M U J I  *  F f N I L L M . J I
0  IR I 2 * L  1 - 1 1  -  S F I O U N l . D U . O R .  I N  l * S F  ( D l M l  .OIJN.OR t  I N I
10 CONTINUF 
RFTURN 
FNO
SUBROUTINE OFPI  V C Y . I N . O R . L A S T . D Y I  
C * * * *  Y I S  FUNCTION TO BE D I F F E R E N T I A T E D .
C IN  IS ARRAY OF INTERVAL FND P O I N T S .
C DR IS ARRAY OF INTERVAL STEP S I Z E S .
C LAST IS NUMBER OF I N T E R V A L S ,
t  DY I S  D E R I V A T I V E  ARRAY.
I M P L I C I T  R F A L « B I A - H , 0 * Z t
D IMENSION Y l 3 0 0  I . O Y I  3 0 0 I . X I 5 1 . I N I  3 I . D R  131 
MAN > I N I  LAST I
I -  1
01  -  D R I 1 1 * 1 2  
DRI  > 0R1 1 1 
I N I  -  I N I  11
0 Y I 1 I  ■ I - 2 5 * V I 1 1 * 4 8 * V I 2 1 - J A * V I3 l * 1 6 * V I * I - 3 * V I 9 1 1 /0 1  
0 V I 2 I  -  I - 3 * Y I 1 ! • 1 0 * Y | 2 1 * 1 B * Y I 3 | - A * V | A | * V | 3 1 1/ O l  
HI 21 •  Y l11 
XI 3 I •  VI 21 
1141 -  VI 31
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<1 5  1 *■ v | A >
n n  * *i> n ,  ma x
nv * I Y I N t - v i N -  11 */r>» |
I f  I n M - I N I  I < » C , 3 C . R 0
mo c o n t i n u e  
n n  2 11 » i .  a
2  M 4 T I I « K < 11 ♦ 1 1 
T P  XI  5  I ■ ¥  I N *  2 I
O Y I N I  * I I X I I I - X I  51 l * B * l  X I A I - K I 2 1  H  /O  I
r . n  t o  i
flP n v t N I  -  ( 3 * x  ( i  I E *  X I 2  I * 3 f t * X I  3 l - M * X ( A  l * 2 S * X I S I  1 / 0 1  
I F  I N , C O . M A X I  c n  T P  3 
I * 1 M  
DP T -  n » I  11 
I N I  * I N I I I  
D I -  D P I  I I *  1 2
mm * N - i n i N T i n « i i i / d r i i - i i * . s i
X I 21  > ¥ 1 M“ 1
X I 31 •  ¥ 1 N |
XI  A)  * ¥ I N * I  I 
X I 5 )  » ¥  |  N*  21
GO TO I
3 0  O V I N I  -  I - X I  I  I f  6 * X I 2 t - l R * X ( 3 I M 0 * X ( A I * 3 * X | S I 1 / 0 I
1 CON TI NU E
i f i p a r s i i o y i n i - o v i / n v i . l t . i d o i  g o  t o  3
OV « t O V * C Y ( N * l  l - Y I N I » / 0 R |  1 / 2  
I F I D A B S I I O Y I N I - 0 V l / O V l . L T * 1 0 0 1 GO TO 3
O Y I N I  -  n v
3 CONTIMUF 
RFTURN 
F NO
OOUR L F  P R E C I S I O N  F U N C T I O N  S F I X , ¥ , O X . 1 Nl  
C * * * *  C A L C U L A T E S  I N T E G R A L  OF X * Y .
C OX ANO I N  C O N T A I N  S T E F  S I Z E S  AND END P O I N T S .
i m p l i c i t  * e a l * a i a - h . o - z »
D I M E N S I O N  X I 3 0 0  1 . ¥ | 3 0 0 I . F I 6 I * 0 X 1 3 1 , I N I 1 I
DS « 0 0 n
o r -  d x i  n * i . T 3 M I  t n m n i i D - 2  
F I  6  I -  0 0 0  
MAX 3 *  I N I  31 
DO 1 N - 6 , M A X 3 , 5
I F I N . E O . I N I 1 I * 5 I  OR •  0 X 1 2 1 * 1 . 7 3 6  11  U  1 1 1 1 1 1 1 1 D - 2  
I F I N . E O . I N I  2 1 * 5  I OR -  D X C 3 1 *  1 . 7 3 6 1 I I 1 1 1 1 1 1 1 1 1 0 - 2  
o n  2 x - 1 , 5  
M -  N - X ♦ I
2  F I X !  » X I M | * Y I N I
S -  D R * I  1 P * | F |  1 l * F | 6 » l * T 5 * I F I 2 l * F | 3 H ¥ 5 0 * I F ( 3 l * F U |  I I  
OS ■ S * O S  
1 F I  6  I •  F i l l  
S F  -  OS 
R E T UR N 
FNO
X U 3 R 0 U T I N E  OD V C O P I  X . EI  * E F , K | » K F * R O , I T t  
C * * * *  X I S  MA T R I X  E L E ME NT  ARRAY TO BE C O R R E C T E D .
C E l  AND FF ARE I N I T I A L  ANO F I N A L  P H A S E S .
C K l  ANO KF I N I T I A L  ANO F I N A L  HAVE N U N R F R S .
C RO I S  MAX VALUE I N  N U ME R I C A L  I N T E G R A T I O N .
I M P L I C I T  R E A L * R ( A - H , 0 - 2 |
C * * * *  CORRECTION OF 01*FCT 01 POLE-VELOCI TV MATRIX ELEMENTS FOR 
C ASYMPTOTIC BEHAVIOR
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£ ■ • * •  BP | S  ■*** R - V A l U f  I N NU"*FR If.  A l  1 N T F G R A T I O N  
R E AL •  tt *1  , X F , XT SO » * I S Q  
D M F N S i n N  XI R I . F I ( 1 1 , E F t 3 I 
OK . H f - K I  
S* * » F « I  
K F S O  -  K F * * F  
* I S O  -  R l * K I  
OR SO -  K F S Q - R  I S O
C -  | P O / (  3 .  1 R I S P 2 R S  3S B 9 7 * > 3 R DK5 Q * R F  I
T f I  l t . f o .  2 ) r . n  t o  i
* 1 1 1  •  XI 1 1 —C *  I OR SO*  I n c n S I E F I 2 l - F M  l l * D K * R O I - O C O S I E F I  2 I *  El  1 1 l * S K * R  
I D  l / I R  | * * F * < * D - D « * O S I N I  F F (  2 1  * F 1  I 11 * SR *R 0 1 -  S R * O S  I N< F F  1 2 I -  El  I l l - O K - R  
7fi I I
* 1 2 1  « * | 2 1 * C * I 0 R * 0 S 1 N I F F | 1 | » F | | 2 1 ♦ S R * R 0 I - S K * D S 1 N ( E F I 1 1 - E l  | 2 » * 0 R * R  
i r  11
I F ( 1 T a EQa I t  t n  i n  2
1 A ■ l / | R | * R F * R ( ) * R O t
B ■ S * | R F S O * R F - K I S O * R I t / ( R F S O * R I S O * R O * R O I  
n  ■ ) * p « CSQ* RO* f t
1 1 ) 1  » * 1 3 1 -  C * O R S O * l l  l / S R - 3 * S K * * / ( R I * K F I t * O S I N I E F I 3 l * E I I 2 l * S K * R 0
1 1 - I  I / OR- 3  * 0 R •  A /  I X l * K F  1 1 * D S I N I E F I  3 1 - E I  I 2 1 * 0 R * R C t * 3 * 6 0 • A * 1 1 - A t * O C O S I  
2 £ F | 3 I * F 1 1 ? t * S R * R C l * 3 « R 0 * A * l 1 * A I * 0 C 0 S I E F 1 3  I - E l m * D K * R O  11 
M I R )  -  *1 R l  * C * | O R S O * I  OC O S I  E f I  2 1 - F  I I 3 M O R R R O I - O C O S I E F  1 2  I *  F I  I 3  I + S K  
1 * « 0 I  > / I R l * R F * R O I - O R * D S I N t F F | 2 1 * E I  I 3 1 * S K * R O I - S K * D S I N I E F 1 2  I - E I I 1 I * 0 X  
2 * R 0 1  t
2  RFTURN 
ENO
S U R R n U T I N E  F X C H O V I I N I , F | N , M A X , P , I T , E X I  
C * * « *  MAM I S  VA R I A B L E  D I M E N S I O N .
C P  I S  U N P E R T U R B E D  HYDROGEN O R B I T A L .
C EM R E T U R N S  EXCHANGE MA T R I X  E L E H F N T S .
I M P L I C I T  R f  AL * 8  I A - H , n - Z  t 
( • • • •  I T  1 1 , 2 . 3 )  TOR S - P  O N L Y ,  P - D  f l N L Y ,  OR B O T H ,  R E S P E C T I V E L Y  
R E AL * 8  I N I I MA X,  2 8 0 1
DIMENSION F | N ( M A M , 2 8 0 I , F M ( 6 ) , X I 2 8 0 1 , V I 2 6 0 1 ,2 12 60 1  , P I 2 6 0 1 , A I I 1 3 6 1 ,  
1R1RI 1 3 6 ) , AID!  1 3 6 I . H I 2 6 0 I  
C DMMON Rl?R01,01PM 260 I , D U N 1 12 B 0 I , DR I 3 ) , I N I  3 I / B L 0 C K 2 / 0 S 1 3 ) , S I R , 260  I 
l . O B I R , 7 8 0 t , S I R . 2 6 0 1 , IN E 1 3 1 , 1 N S I 31 
IF  I I T . F 0 . 2 )  GO TO 1 
nn SO L 1“ 1 , 2  
J -  3-1.1 
no 2 N - l , 760  
2 1Nt - R | N I * P | N t  
Y I N )  •  1 N 1 I L 1 . N )
2  X I N I  > F | N l J , N l
E X I ? * L 1 - 1 1  -  S F I 2 , V , 0 R , I N I * S F I Z , X , n R , I N )
I F  I L 1 . F 0 . 1 1  GO TO 3  
0 0  R N - l , 2 8 0  
Y l N I  > F I N I J . N I  
R X I N I  -  I N 11 L 1 . N I
3  C O N T I N U E
C * * R *  C A L C U L A T I O N  OF  OOUBLF I N T E G R A L S  
CAL L  R A I N T I X . O . A I I  
CALL R A I N T I Y . 1 , A I D )
DO S N - 2 , 2 8 0  
9  W I N )  -  Y I N I / 6 I N I  
W i l l  -  0
CAL L  R A I N T I W . O , A I R  I 
DO 6 N - l , 136  
M -  2 * N - 1
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A I I N 1  > -  A I t N | * P |  N I * Y I  M I *1  AI R I N I  * A 1 0 (  N t I *1f ( M l  * P | M I  
A A | R | N I  .  B | N |
F K ( 2 * L 1 I  •  S F I A I , A | R , D S , ! N S I
SO C O N M N U F
IF  I I T . F O . l l  HE TURN 
I CO NT IN UF
o n  9 0  L I *  2 , 3  
J  -  5 - L  I
IF I L 1 . F 0 . 3 I  CO TO T 
0 0  A N - 1 . 2 0 0  
* I N t -  IN M L  1 , N I  
«  Y( N1 * F | N I J , N |
r,n TO *1 
? .  FONT  I NUF
o n  11 N - I . 2 R 0
X I N I  ■ F I N ( J . N )
1 1  V I N I  -  I N t l L l . N !
1  C O N T I N U F
CALL R A I N T I  X , 0 ,  AT I 
CALL R A I N T I Y , 1 , A I D !
0 0  1 2  N - 2 , 2 8 0
1 2  M I N I  « - 2 * Y ( N t / R | N I  
Wilt • 0
CALL R A I N T I W . O , A I R !  
f>0 1 A N - l  ,  1 3 6  
M -  2 * N - l
M I N I  -  - A ! t N 1 * P t M | * Y l M 1 M A | R | N I * A I 0 I N n * X I N 1 * P | N I  
I A A 1 R I N I  -  R I N I
E X | L 1 * 3 I  •  S F I A t . A I R . D S . I N S I  
NO C O N T I N U E  
RFTURN 
FNO
SI I BRO' JT I NE R A I N T I  X,  NOW,  2 1  
C * * * *  C A L C U L A T F S  I N T E G R A L  OVER ATOMI C C O O R D I N A T E S .
C X I S  ARRAY FOR F U N C T I O N  OF AT OMI C  C O O R D I N A T E  WHI CH M U L T I P L I E S
C P F R T U R R f O  ORA I T  A L .
C 2 RF T UR N S  F U N C T I O N  OF S C A T T E R I N G  C O O R D I N A T E .
I M P L I C I T  B F A L * 8 (  A - H . 0 - 2  1 
C P * * *  X I S  M U L T I P L I E R  ARRAY FfTR BOUND F U N C T I O N  
C * * « *  NOW 0 , 1  F O P  A , O B ,  R E S P E C T I V E L Y  
D I M E N S I O N  XI 2 0 0 1 , 2 1 1 3 6 1
COMMON R l 2 8 0  I , D U M ( 2 R 0 1 , D U H 1 1  2 8 0 1 , DR 1 3 1 , I N I  3 ) / B L 0 C K 2 / D S 1 3  I « 8 1 A , 2 8 0 1 
1 , OB I A , 7 * 0  1 , S I  A , 2 8 0 1 . I N E I  3  I , I  NSC 3 1 
0 0  6  N - l , 1 3 6  
6  T I N I  -  P
n n  s o  j - l , i , 2
I F I N D W . E O . I I  GO TO 1 
DO 2 N - l , 2 8 0  
DUN I N I  -  X I N t * f l l J , N I  
?  DUN 1 1 N I  -  X 1 N 1 * B ( J * 1 , N 1  
GO TO 3 
I DO A N - 1 , 2 8 0
0 U M 1 N I  > X I N I * D R i  J . N I  
A D U M U N 1  •  X I N I * O f l | J * l , N I  
1 C O N T I N U E
IF  I J . E Q . 3 1  GO TO T 
C * * * *  SIMPSON tNTFGRATI ON FROM 0 -R  
0  -  D * l 1 1 / 3 0 0  
SUM *  0  
S U M 1 ■ o
10
C * * « *
7
20
SO
{ » * * *
c •++*
C M * *
c**«*
c
C
1
8U
O0 10 N - 2 , 136  
M -  2 * N - 1
I F I M . E Q . 1 N F I I 1*21 0 -  O R 1 2 I / 3
I F ! N . E Q . I N E I 21+21 0 ■ 0 1 1 0 1 7 3
SUM ■ SU M +O + IO U MlMl+ O U N IN -2 1+* *0 U N (M-111
SUMl -  SUM I *0 *1  OUMl t M 1 +OUMII M-21+ **0UM11  N - l  11
Z I N I  -  SUM* S I J , M l +  SUM1 *  S I J + l » M 1
r,n t o  so
SIMPSON INTEGRATION FRON R - I N F I N I T Y
SUM ■ 0 
SUN 1 -  0 
0 0  2 0  N - 2 , 1 3 6  
M » 2 7 3 - 2 *N
1 F ( M . E Q . I N E I 2 I - 7 1  0  ■ O R I 2 I / 3  
I F ! H . E O . I N F I 1 1-21 0  -  OR I 1 I 7 3 
SUM -  SUM* 0 * 1  OUMl Ml +0UMIN+21 +**0UN1 N+l  I )
SUM 1 * SUM 1 + D * t O U M l I M ) + 0 U M 1 I M * 2 1 + * * Q U M 1 I M + 1 1 1 
MM -  V 1 7 - N
ZIMM1 .  Z (N M |+ S (J ,M t+ S U M * S  I J + 1 »N)*SUM|
CO N T IN U F
RFTURN
FNO
OIPLEN.  MAIN PRnGRAM FOR 01 POLE-LENGTH CALCULATION 
IM P L IC IT  R E A L * 8 I A - H , n - 7 1 
INTEGER*2 NOT
REAL * 8  K I , K F , 1 N l ( 3 ,  2801 * MATR I X ( 2 ,  *  ,611 ,K I$ Q ,K F SO
DIMENSION F I N I  3 * 280 I , 0  IR I  8 1 , F X I 6 I * X H I 1*1  * EI  I 3 1 . EFI  3 1 , PI  2 8 0 1 * ABNATI  
161 I ,CM I I 1 0 1 *CM2<6 I ,BARF 16 1 1 . C R U 0 I 6 1 1 , 0 0 ( 3 1 , I D I 31
COMMON Rl 2 8 0 1 , OUMl2 8 0 1 . OUMl( 2 6 0 1 , 0 8 ( 3 1 , I N I  3 1 /BLOCK2/OSI  3 I , 8 1 * , 2 8 0 1  
1 . OBI * , 2 8 0  I , S I * , 2 8 0 1 , INF I 3 1 ,1NS131  
ABSORB I OK SO,THETAI *  11-DEXP I-DKSO * THETA*3 1 . 3 2 6 3 2 2 1 1 * 1 0SQRT1THETAI  
11 * * 5 * X * * « 2 1 5 * 7 3 2 + 0 * SO 
X REPRESENTS THE INTEGRATION INVOLVFO 
A ALLOWS READING AT OESIREO STEP S12E.
R E A 0 I 1 1 I  IRC I 1 , 1 * 1 , 1 1 1 , I A , A , A , A , A I  1 1 , 1 * 1 2  
11 11,  1 - 5 2 ,  2801 
CALL SK IP I 1 1 * 0 ,  I I
R E A D ! I l l  ( P I  I 1 , t + 1 , 1 1 1 , 1 A , A , A , A , P I  I  | , | - 1 2  
I I  I I ,  1 - 5 2 , 2 8 0 1  
CALL S K ! P U 1 » 1 , 0 I  
P I  -  3 . 1 * 1 3 9 2 * 3  3 3 8 * 7 * 3  
0 0  1 N - l , *
B ARRAYS ARE ATOMIC PARTS OF PERTURBED ORBITAL,  
S ARRAYS ARE SC AT TEREO PARTS OP PERTURBEO ORBITAL, ' 
OB ARRAYS ARE DERIVATIVES OP B ARRAYS,
B I N , 11 - 0  
S I N , 11 •  0  
OBI 1 , 1 1 •  8 0 0 / 3  
OBI 2 .  I I  •  2 
OBI 3 , I I  > 0 
O B I * ,  11 » 0 
0 0  10 N - 2 , 2 8 0  
RR > 6 ( N I
*  OEXP I 2 * R R I
1 »Nt a PIN 1*1 I K K - 1 1 7 R R - 2 * ! t + R R I I
2 ,  Nl m - tR R * A R 7 ? + R A I * R R * P ( N t
3 ,  N 1 m 1 1/RR + 2 + 1 1 + R R 1 1 * P |N I
A .N t • I 1 / R R + 2 I * P 1 N I
1 ,  Nl m I 3 * ( R R + 1 1 * * 2  7 X X I / I 8 * 0 $ Q R T ( P I l * R R * R R f
2 , Ml m 1 / 1 2 * 0 SOBT< P11*RR*RR»
t
, 5 1 1 , | A , A , A , A , A , A , A , A ,  A, R 
, 3 1 1 , ( A , A , A , A , A « A , A , A , A , P
8 5
10
c***«
c
C * p * *
c***«
c
77
300
C * M «
7
C « * * *
c
c
c
S D . N I  -  3 * (  1 - R R * R R - 1 / K ) ( * 1 R R  + I I • * ? 1 / (  8 * O S Q R T  I PI  | * R R * R R I  
S ( 4 , N I  ■ A R / ( * * D S 0 R T ( P I H
D f t t l . N I  ■ p | N l * ( ( X X * 3 l / ( A A * * A ) - 2 * t * X - l ) / R R * * 3 * 2 * t l * l / R R H  
D B ( 2 , N I  ■ P ( N ) * ( - R R * R R * 2 l / 2
O B I 3 » N  I -  - P ( N > * ( 2 / R R * * 3 * 3 / ( A A * R R I * 2 * t l * l / R R I I  
O f t l * , N >  -  - p i n I * ( 2 / * R * * 3 * 3 / ( R A * R R | « 2 / R A I  
F O L L OWI NG I ARRAYS ARE FNO R T S *  OF I N T E R V A L S  F O R  VAR I OUS
INTEGRATIONS WHILE 0 ARRAYS ARE CORRESPONDING STEF S IZE S .
I N I  1 I ■ 11 
I N I  21 ■ S I  
I N I  31 •  7 7 6  
OR( 1 1  -  1 0 - 2  
DR ( 2 1  -  S O - 2 
D R I 31 •  1 0 - 1  
I N E t l t  -  I N I  I I  
I N E I 2 I  *  I N I  21 
I N E I 3 I  ■ 271 
O S I I I  -  2 0 -2  
OS I  2 I > 1 0 - 1  
OS 131 -  2 0 -  1 
I N S (  1 1 * 6  
I N S I 2 )  •  2 6  
1 N S I 3 1  •  1 3 6  
D D I 1 )  ■ 1 0 - 2  
0 0 ( 2 )  » 1 0 -2  
0 0 ( 3 1  -  1 0 - 2  
101 1 I -  61  
1 0 ( 2 1  -  61  
1 0 1 3 1  -  61
CN ARRAYS ARE RESULTS OF ANGULAR INTEGRALS*
CM I f  S I  »  1 / ( P I * 1 2 »
CHI I 2 )  -  * * C N 1 ( l ) * 0 S 0 R T | R | | / 3  
C H I O I  -  2*CN 11 1 1 
C N I I 61 i 
CM 1 15 )  <
C M 1 I6 I  ■
C N I I  71 .
C N i m  <
CM 1(9 1  «
CM I I  101 
C M 2 I1 I  >
C M 2 I 7 I  •
CM21 31 <
CM2I *1  <
C M 2 I5 I  .
C M 2 I6 I  •
MATRIX IS  
COMPONENTS.
DO 77 1 - 1 , 2  
0 0  77 J - | , 6  
MATRIX t I , J * 1 1 -  0 
CONTINUE
ABNAT IS TOTAL MATRIX ELEMENT*
0 0  7  N - l , 61 
A B M A T ! N I  > 0
N O R * .01 I S  ENERGY DIFFERENCE OF I N I T I A L  ANO FINAL STATES*
I T  I FOR S-P ONLY, 2 FOR F - 0  ONLY, )  FOR ALL TRANSITIONS.
ISEP NON-ZERO I F  CONTRIBUTION FROM VARIOUS SFINS AND TRANSITIONS  
ARE TO BE OISPLAVEO.
R E A D !S , 1001 NOR, I T , I S E P . N P R I N T , LAST
2 * 0 SOR T I P I  l * C M H  l l / S  
1 6 * P I * C N 1 ( 1 1 / 9  
C M1I21 
CMl( SI 
C N 1 ( 11 
CM 1 ( *  I 
> CM I I  S 1 / 6  
I / I F  1*61
8 * 0 S 0 R T ( P I I * C N 2 I l l / S  
CM2(2 1 / 2  
BOO/27 
C M2I6 I  
C M 2 I S I / A  
MATRIX ELFNENT SEPARATED INTO VARIOUS SPIN A TRANSITION
I
86
1 0 0  FORMAT I 9 | 9 1 
NREC ■ 3 *ND K 
OKSQ ■ N D K M O - 2  
M I N  -  1 
MMIN ■ 1 
MAX *  3 
MMAX *  3
I F ) I T . N F .  I I  GO TO 3 
MAX -  2 
MMAX * I 
3  I F (  | T . M E .  21  GO TO A 
MI N -  2 
MM I N » 3 
A I S P I N  ■ 0 
5  PM * 1 - 2 *  I S P  I N
F IS  -  ( 2 *  I  SP I N *  11 / A .
2 NX » 1
t * * * *  P O S I T I O N  F I N A L  TAPE FOR P R O P E R  E NERGV D I F F E R E N C E .
CALL  S K I P ! 1 2 , 0 . NREC1 
C * * * «  RFAO W A V E F U N C T I O N S ,K S Q , P H A S E S  
9  o n  6 L 1 * 1 , 3
A R E A 0 4  111  N O T , N O T . X I S Q , C H I U  t t l N H l l . J I . J - 1 . 2 * 0 1  
NX * NK* 1  
0 0  8  L l - 1 , 3
« R F A 0 I 1 2 I  N O T . N O T . M F S O . E F U l l  ,  I F  ]  N I L  1 ,  J 1 ,  J *  i  * 2 8 0 1 
9 9 8  K 1 -  O S O R T I K I S O  I 
KF -  O SO R T( KF SO )
C * * a *  CALCULATE O I R E C T  MATRI X E L E M E N T .
CALL  O I R D L I  IN  1 , F I N , 3 , M A X , M I N , P * K I , K F , F I , F F , D I R I  
C * * « *  CALCULATE EXCHANGE M A T R I X  EL EM EN TS .
CALL E I C H O L t I  N l  , F  I N ,  3 , P ,  I  T , E  XI
XMI 1 I > D I R I 1 1
X M I 21 ■ 0 I R I 3 I
X M | 31  -  E X I 1 1
XMI A I -  EX I 2 1
X M I 3 1  *  O I R I 2 1
X M I 6 1  -  0 I R I 6 1
X M I 71 *  FXI  31
X M I 8 I  -  E X I A  I
XMI 9 I -  O I R I 31
X M I 101 ■ O I R I  71
XMI 1 1 1  > E X I 9 1
X M I121 -  O I R I A l
X M I 1 3 1  ■ O I R I B I
X M | 1AI -  E X I 61
C * a a *  CALCULATE ABSOLUTE SQUARE OF MATRIX CLEMENT INCLUOINC ANGULAR 
C INTEGRAL CONTRIBUTION.
I F |  I T . E G . 21 CO TO U  
SUM *  0  
NFL EM -  0  
DO 12 I > 1 , 3  
00  12 J * 1 * 4 
T F I I . G T . J  I GO TO 12 
N F L F M -  NF L  E M M  
SGN •  1
I F 1 I . L E . 2 . A N 0 . J . G E . 3 I  SGN a RM 
SUM -  SUM*XMI1 l * X M I J I * C M l t N E L E M I * S G N  
12 CONTINUE
SUM a SUM*XN(4 1 6 X N I 4 I * C M 1 1 1 0 1 
I F I I S C F . C O . i l  GO TO I S
ASH AT ( NK I -  ABMAT ( NK I  * F  | S* SUMAKI *KF
CO TO 1A
13 M A T R I X ! 1 $ P | N * I * l . N K I  > F |S *S U M *K |* K F
1 A SUM -  0  
NFL FM ■ 0 
DO M  l « 5 , T  
DO 1 3  J - 5 . B  
I F I I . G T . J  I GO TO 19 
N F I F M  .  N E L E M - l  
SGN « 1
1 F I I . L E . 6 . A N 0 . J . G E . 7 I  SGN -  PM 
SUM ■ S U M -I M |J | *K M|J>*C M1 IN ELE MI* SG N  
15 CONTINUF
SUM ■ S U M - X N 1 B I - K M I A l * C N I t 101
t  F t I S F P . F O . I I  GO TO I B
ABMAT I NKI •  ABMAT( N K IA F IS*S U M *K I* K F
GO TO 17
I B  M A T R I X !  I S P I N * 1 * 2 * N K I  -  F I  S * S U M * K  I  * K F  
I T  I F f I T . F O . I I  GO TO I B  
1 1  SUM -  0  
NELEM •  0  
0 0  19  1 - 9 * 1 0  
0 0  1 9  i - 9 , 11  
I F I  I . G T . J I  GO TO 1 9  
NF L  EM -  N E I E M  + I 
S G N ■ 1
I F I J . E O .  1 I I  SGN -  PM
SUN -  SUMAXNI n * X M ( J I * C M 2 ( N E L E M I * S G N  
19 CONTINUE
SUM -  SUM ♦ I N '  1 U * X N I 1 1 ) * C N 2 I B I  
I F I I S E P . F O . I I  GO TO 21 
ABMATINKI -  A 6N A T IN K t *F IS + SU N *K l* K F  
GO Tn 22
21 M A T R I X I I S P I N * l * 3 * N K t  •  F IS * S U N * K I * K F
22 SUM -  0 
NELEM > 0
00 99 1 - 1 2 , 1 3  
0 0  99 J * 1 2 * 1 A 
I F I I . G T . J 1 GO TO 99  
NELEN •  NELEMH  
SGN -  1
I F I J . E O . 141 SGN « PM 
SUM -  S U M -X M I I I *X M (J | *C M 2 (N E L E M I*S G N  
99 CONTINUE
SUM -  SUM-XMI 1 A I - X M U  A t * C M 2 |B I  
I F I I S E P . F O . I I  GO TO 23 
ABMATINKI -  A B NA T IN K |* F IS *SU M *K |* K F  
GO TO 18
23 MATRIXI I S P I N M *  A,NKt  •  F IS * S U N * K I  *KF  
IB I F I N K . G E . B 1 I  GO TO 24
GO TO 9
24 I F I I S P I N . E O . i l  GO TO 29  
I S P I N  -  ISP1N41
CALL S K I P I 1 L , 0 * 1 2 0 1  
NNKEC- 120-NBEC  
CALL S K I P I 1 2 * 0 * NNKEC1 
GO TO 5 
23 GO TO I2 B * 2 T * 2 G I * N P R 1 N T  
2T W A IT E IB .2 0 0 1  
200  F 0 N H A T I I H 1 I
8 8
WRIT FI  6 , 2 0 1  I OK S O , I ABMATI I I  ,  AAMAT 11 » 3 1 1 «I  ■ 1 * 31 I
2 0 1  F O R M A T I 6 1 X , T H O K S O  ■ , F 3 . 2 , / / , 6 3 X, 5 HA B MAT , / T , 1 1 P 2 D 2 0 * 0 I 1
r . n  t o  26 
20 00 20 I « l » ?
W R ! T E i 6 * 2 0 0 )
I SPIN -  I - l
H R I T E I 6 , 2 0 2 I  OKSO. ISPIN
202 FORMAT I5SX,THDKS0 •  , F 3 .  2 , 3 X, 0HI $Pl N -  , 1 1 , / ✓  , 1 1 X , 3 H S - P , I 7 X , 3HP-S  
I , 1 7 X , 3 H P - n , 1 T X , 3 H 0 - P I
WR IT E !6 , 2 0 3 1 | M ATR IX!  I  , 1,  J I  ,  MATR I  X U  ,  2 .  J l  .  MATA I X l l  * 3 » J l  , MATRI  XI I  , 4  
I t J l , J - 1 . 6 1 1
2 0 3  FOR MA T! IP4 D20 .01 
20 CONTINUE
26 (Ft  I S E P . E Q . l l  GO TO 31 
W R | T E I 6 , 2 0 0 I  
WRITE16 , 2 0 4 1  ORSO 
C * * « *  CALCULATE ABSORPTION COEFFICIENT.
2 0 4  FORMAT I 6 1 X , T H O K S O  > , O P F 3 . 2 , 7 2 , 1 X , 3 H T H E T A , 6 X , 1 4 H A B  C O E F F I C I E N T !  
n o  3 0  N * S i 2 0
THETA •  N * 10-1  
n o  40 K a l * 6 1  
A * K - l  
KISO » A* 10 -2
40 OUMIK! a D E X P I - K IS 0 » T H F T A 4 3 1 .3263221  
X a SF!ABMAT,OUM,0 0 , 1 0 1
COEFF > ABSORBI OKSO.THETAI  
W P IT E !6* 2 0 S I  THETA,COEFF
205 FORMAT ! 3 X , 0 P F 3 . 1 , 1 P 0 2 0 . B I
30 CONTINUE 
GO TO 24
31 W R I T F I 6 . 2 0 0 1  
‘ Ofl  * 0  1 - 1 , 2
on 41 K a 1*61
OUMUKI  •  MATRIX! I * ) , K |
ABMATIKI a MATR1X11 , 2 , K I  
BAR F I K I  •  M A T R IX !1 , 3 , K1
41 CRUDIKt -  MATRIX! 1 * 4 , K1 
IS P IN  -  1 -1
W R I T E 1 6 . 2 0 6 I  OKSO,(SPIN
206  FORMAT I 1 H O ,5 5 X , THOKSO -  *OPF3 . 2 , 3 X , 0M!SP !N  -  , 11 * / / , 1 X*5HTHE TA*11 
I X *  3 H S - P * 1 T X , 3 H P - S , 1 T X , 3 M P - 0 * I T X * 3 M 0 - P I
0 0  40 N a9 *2 0  
THETA a N * 1 0 - 1  
00 42 K a I *61  
A a K - l  
KISO a A * 1 0 - 2
42 OUMIKI a D E X P ( - K I S 0 * T H E T A * 3 1 , 326 32 21  
X > SF ID U M ,O U Ml ,O D , IO I
COEFF1 a ABSORBIOKSO,THETAI  
X a SFIOUM* ABMAT* 0 0 , 1 0  I 
C0EFF2 a ABSORB I OK$ 0 , THETAI  
X a SFI0UM,BARF, 0 0 * ID I 
C0EFF3 a ABSORBIOK$ 0 , THETA)
X > S F ! O U M , C R U O , 0 0 , I D I  
C 0 E F F 4  a  A B S O R B I  O K S O , T H E T A I
MRITEI  6 , 2 0 ? I THETA,COEFFl«COCPP2,COfFF3*COePP4
2 0 7  FORMATI3X*OPF3a1 , l P 4 0 2 0 . i l  
40 CONTINUE
24 REWINO I I  
REWINO 12
o 
o 
n 
n
89
1 FI LAST.NF.OI  STOP 
CALL SK I P i l l ,  1 ,0 1
GO TO 300 
END
SUBROUT INF D I R O L I I N I , F |N . M A X , LMAX , L N I N , P , K I ' K F ,  EI  . E F . D I R I  
» * • *  HAX IS VARIABLE DIMENSION.
DIR RETURNS MATRIX ELEMENTS FOR VARIOUS TRANSITIONS.
•  * * *  X IS MATRIX ELEMENT ARRAY TO BE CORRECTED.
P IS UNPERTURBED HYDROGEN ORBITAL.
IMPLICIT REAL* § ( A - M . O - Z I  
e * * * P  CALCULATION OF DIRECT TERMS IN LENGTH FORMULATION
COMMON Rt 200 I ,  DtIM I 260 I • DIIMl I ? 0 0 1 ,DR I 3 1 ,  IN ( 31 /BLOC M2 / D S I 3 l » B t A » 2 0 O I  
1 .  D B U . 2 8 0  I . S I  A, 2 00 )  , INE I 31 ,1 4S I3 )
01 MENS ION F IN IM A X.2 B 0)  ,01R I 0 )  .TENP1AI  ,  X I 200) ,T  ( 2 0 0 1  . P I  2001 ,Z  I 2 B 0  I , 
1AM 130 1*01 136 ) ,  E11 3 I . E F I 3 )
R E AL*0 IN I ( M A X , 2 B 0 I , K I , K F  
C * * P *  I F  ONLY S-P  ANO P-S I S  DESIRED LMAX-2.  OTHERWISE LNAX-3.
C * * * *  L H IN -2  FOR CASE OF P- D  ANO 0 - P  ONLY.
N 3 ■ INI  3 I
0 0 * 1 0  L1>LM|N,LMAK
DO 1 N - l , M3
1 X I N I  ■ R I N I  *  I N I  I L 1 , N l
I FI L1. EO . l  M IN I GO TO 3 
DO A N - l , M3 
A Y I N I  -  F I N I L 1 - 1 . N I
T E M P I 2 - L I - 2 I  •  S F I X . V . 0 R . 1 N I  
I F I L 1 . F 0 . L M A X )  GO TO 10 
3 OP 3 N - l . M3 
9 Y I N I  -  F I N I L 1 A 1 . N I
T E M P |2 -L1 - 11 •  S F I X . Y . D R , I N I  
10 CONTINUE
CALL DOLCORI TEMP.EI , E F , K I , K f  ,  2 .A6D1 , »
OO 2 N - l * A
2  I) IR IN I -  TCMPINI
£ • • • *  CALCULATION OF DOUBLE INTEGRAL CONTRIBUTIONS 
DO 9 N - 1 , 2 0 0  
9 2 I N I  ■ R I N I * P ( N 1 * R I N I  •.
CALL RAINTI  Z , 0 ,  Al I 
OO 20 L 1 -LN |N ,LNAX  
DO A N - l , 136  
H -  2*N-1  
A X I N I  * I N I I L l . M t
I F I L 1 . E 0 . L M I N I  GO TO T
0 0  0 N - l ,  136 
N -  2 * N - 1
Y I N I  -  F I N I L l - l . M I  
B 0 1 NI -  A l I N I * X I N I
O IR I  2*L 1 -2 1  -  S F ( 0 , Y , 0 S , I N S I
1 FIL l .EO.LMAXI  GO TO 20  
T DO 12 N - l , 136
N -  2 - N - l
Y I N I  > F I N I I  1 * 1 , M|
12 0 1 NI -  A ! I N I * K I N I
O I R I 7 * L l * 3 l  •  S F | Q , V , O S , I N S I  
2 0  CONTINUF 
RETURN 
END
SUBROUTINE D O L C O R I X , E I , E F , K | , K F , R 0 , I T l  
C E l  AND EF ARE I N I T I A L  ANO FINAL PHASES.
C K )  ANO KF I N I T I A L  AND FINAL WAVE NUMBERS.
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c  An i s  M K  VALUE I N  NUMERICAL INTEC.R AT I  ON.
I M P L I C I T  R E A L * R 4 A - H , 0 - 2  I 
C * * * «  CORRFCT IO N ( IF D IR EC T  01 PO LE -1 E N G TH  M AT R IX  ELEMENTS FOR 
C SS V M P T O T IC  BEHAVIOR
C * » « *  0 0  I S  *  AX R - V A L U E  IN  NUMERICAL  I N T E G R A T I O N  
n F AL * B  X I , K F , K I S O . K F S O  
D I M E N S I O N  XI  I I , E l  I l l , F F I l l  
K I S O  « K I *K  I 
K ESQ « K F * K F  
SK •  K I +K F 
SK ? •  SK*SK 
DK ■ K F - K  1 
OK? -  OK*OK
C -  10021 3 .  L A I S 9 ? 6 S 3 S 8 9 7 « 1 * K F * K !  I 
I F I  I T . F O . 21 GO TO I
K i l l  » X ( 11 *C *1 I S K * K F ) / { K F « S K 2 t * O S t N t E F I 2 l * E f < 1 1 ♦ S K * R O I - I D K F K F | / | K  
I F  * 0 K 2 1 • OS I NI  f  F I  2 1 - E  1 1 1  I * 0 K * R O I - R O / S K * D C O S I F f I  2 1 * E 1 1 1 I ♦ S K * R O I * R 0 / OK 
2 * 0 C 0 S I E F I ? l - F I I  I I ♦ O K * R O  I I  
X I ? )  -  X I 2  I *C *1 I SK *K |  l / | K I * S K 2 | * 0 S I N I F F I I I * F I I 2 l * S K * R O I *  IK I - O K  I / I K  
I I * 0 K 2 I * n s I N I F F I  I l - F I I 2 1 ♦ n K * R O I - R O / S K * O C O S ( E F I I I * E 1 I  2 1 * S K * R 0 I - R 0 2 O K  
Z * O C O S I E F | 1 l - F 1 1  2 1 * D K * R O 1 1
i f i  i t . f o .  i i r , n  t o  ?
1 CONT INIJE
K i l l  -  XI  S I *  C * l l - S * K F * K I - S * K | S O - K F S O I / I K F * K I * S K 2 l * n S I N I F F I 3 I * F I I  
1? ) * S K * R 0 1 * t - 5 * K f * K l + 3 * K l S 0 * K F S Q I / I K F * K | * 0 K ? I * 0 S I N I E F I 3 I - E l  1 2 l * O K * R  
2 0  l * H » 1 / S K - 3 / I K E S 0 * K  | * R O I t  * O C O S I E F  I S U E  I 1 2 1  * S K * R O I  ♦ I R O / D K * 3 / 1  K F S O * K  
S I * R O I I * O C O S I F F I 3 1 - F I I  2 1 * O K * R O I  I 
X I A t  -  X I A I ♦ C * I I - S * K F * K I - K t S O - 3 * K F S O I / I K F * K I * S K 2 l * O S ! N I E F I 2 | * f |  |  
1 3 I * S K * R 0 I  ♦ I S * K F * K  l - K  I S Q - 3 * K F S 0 t / I K F * K I  * 0 K 2  l » O S  I Nl  EF  I ?  I - F  I I  3 I * D K * R 0  
2 l * I R 0 / S K - 3 / I K F * K l S O * R O I  I *  OCOS I F F  I 2  I *E I I 31  ♦  S K * R O I ♦ I - R O / O K O / 1  * F * K  I S  
3 0 * R O I l * O C O S I E F I ? l - F 1 1 3 1 * 0 K * R C 1 1
2  RETURN 
END
SUBROUT I N F  F X C HOL I  I N I , F 1 N , N A X » P » 1 T  ,  EX I 
C * * « *  MAX ( S  V A R I A B L F  O I M F N S I O N .
C A I S  UNPFR TUR BE 0  HYDROGEN O R B I T A L .
C EX RETURNS EXCHANGE M A T R I X  ELE ME NT S .
I M P L I C I T  R F A l * 8 | A - M t O - 2 l  
C * * * »  C A L C U L A T IO N  OF EXCHANGF TERMS I N  LENGTH FOR M UL AT IO N
C * * * «  I T  1 1 , 2 , 3 1  FOR S - P  O N t V ,  P - O  O N L V t  OR B O T H ,  R E S P E C T I V E L Y
RE A t  * B  I N M M A K , 21)01
D I M E N S I O N  F I N  I MA X, ?Rr  , FX I 6 1 , X | 2 B 0 1 , Y |  2 R 0 I  , 2 1 2 0 0 1  , P I 2 S 0 I , A | 1 1 3 6 1 , A
I I  21 1 36 I , W  I 2B01
COMMON Rl  2 A 0 1 ,  OUMl  2 R P  I ,  I XIMt  I ? A O I * O R | 3 I , | N I  3 1 / B L O C K 2 / O S I 3 1 , 0 1 A , 2 0 0 1 
1 , O B t 4 , 2 A 0 l , S t 4 , 2 R 0 1 , 1 N E 1 3 1 . I N S I 3 I  
I F I  I T . F O .  21 GO TO 1 
0 0  50  1 1 - 1  2 
J « 3-L 1
I F I L I . F 0 . 2 '  GO TO 3 
0 0  2 N - I , 2NC 
X I N I  > R I N I R I N I I L I , N l  
Y I N )  ■ R I N l * F | N l J , N l  
2 I N  I * R ( N I * P | N I
2 M I N I  -  F I N I J . N I  
GO TO A
3 0 0  5 N - l , 200
X I N I  a R l N ) * F I N I J . N I  
Y I N I  -  RI N l * I N I I L l . N I  
0 M IN I  -  I N I I L 1 . N 1
A E X I 2 * L 1 -1 1  •  S F I X , R , O R , f N I * S F I Y , 2 , 0 R , I N l
c**«* 
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- <  o  ■
i ) 
K  r-i<
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*
o
o rg 4  •- <g A o > wft
n m » ft l o f t o n x X 3 9 * X < O 3  ri _ n rft ft ft X 9 .ft ft ft
o X □ ► ► o p*» — — 9  O ft n —* 3 T1 3  O ■n 3 X M M 3 ft ft ft
z M * « r* ft Z 2  2 2 2 2 2 4 2 * 2 —* rg — 4 f—r* r-ft r- 2 ft ft 1“ -« w _* ft ■HV w w ft f“ -H \* * 2 r~ r  ft
2 M IN» o sjl O «*• H ft 2 ■w* N
2 * ft JO JDz 4 4 4 ■ 4 4 Z • 2 • 2 f~ w ft 2 « ft r-
C g# i 2 £ f t f t C 2 4 rn r* r  C m w 4 2 4 ft ft »m 4 1 M X 9 i ft ft ft o p—m O ■ft w 4 *  -4
ft 2  2 ft ft * ft 2 ft ft * « 4 • < M« * 2 2  -*
■ ft 9 -H ft 2  2 2 * 2 z M rg p- 4 ftft ft ft ft ft M 4*mft V* ft V • w 2 hPI * 2
V* X y C K ft • » ft ft ft O uf CO X ^  C X
ft * * ft O ft ft o ft ft v • • * 3
o  o 2  2 * ft 2 3 rn ft O 3ft « « w ft 2 2 2 ■« H ft *
ft ft A a ft * -M c ft ft O* P* ft U ft O ft * 2 - 0
ft M ft * 4 ft 2 ft "g - crt * Z 2 « H ♦ V ft
M 2 ft ft 2 l\» ft f“* ft • 9 rn
a
(ft
i
i
z
S'
tft
I M  M . F Q .  I N F I  I 1 * 7 1  o  w 0 R C 2 I / 3  
I f t M . E Q .  I N F f ? ) * ? l  D « O R I 3 I / 3  
SUM * S t l N * 0 « I D U M ( M | * r ) U M ( M - 2 M * * O U M I M - l l l  
SUM I .  S U M 1 * d * (  DUM1 IM | * n U M l ( H > 2 U * * D U M l < M - m  
1 0  Z I N I  * S U N * S <  J > M | * S U M l * S t  J M  » * t  
GO r n  50
C * * * «  S I M P S O N  I N T E G R A T I O N  FROM R - I N F I N I T V  
T SUM -  0 
SUN I  -  0  
n o  2 0  N - 2 , 1 3 6  
M * 2 T W * N
I f I M . F 0 . 1 N E I 2 I - 2 I  0  ■ ORt  2 1 / 3
I F I M . F O .  I N F (  1 > - 2 1  0  > OR I 1 1 / 3
SUM -  SUM* 0 * I O U M l N I » O U N ( M * 2 I ♦ ♦ • O U N I M R  1 H
SUM!  .  $ U M | * 0 * (  O U N 1 ( M > » O U M 1 I M » 2 U A * O U M H M » I I  I
MM » 137-N
2 0  I ( MN) -  2 f N N > R S < J . M | * S U N * S <  J M ' H ) * S U M 1  
3 0  C O N T I N U E  
RETURN 
END
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